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1. INTRODUCTION

1.1 Introductioﬁ

Among many geometrical profiles which generate hydrodynamic pressure
in fluid-film bearings, the step geometry is one of the most proficieﬁt
methods to achieve this purpose. This discovery was first made by.Lord
Rayieigh in 1918 (Ref, 1 ), and subsequently there have been many
contributions (Refs. 2 to 8 ) on the prediction of the performance of
the Rayleigh-step thrust as well as journal bearings.

Recently, there has been another significant application of the
Rayleigh-step bearing in the field of dynamic sealing in advanced air-
breathing propulsion systems (Ref. 9 ). In this appliéation; a series
of Rayleigh-step pads is employed on the high-pressure side of a face
seal in order to maintain a small steady gap (in the order of 0.001")
between a one-tooth laybrinth and the high-speed rotor surface (Fig. 1l ).
The flat step is shrouded in order to minimize the side leakage. These |
pads function strictly as hydrodynamic thrust bearings operate in the
high-ambient pressure, and provide the necessary stiffness to maintain a
steady gap. The satisfactory operation of this type of seals depenﬂs
critically on the dynamic performance of these thrust pads in the
presence of an oscillatory force or a disturbance due to rotér run-out
or rotor unevenness,

So far, the investigations on shrouded, Rayleigh-step bearinge bave
been restricted to the prediction of the static performance (Ref. 10 )
only. The dynamic characteristics of this type of thrust-pads have oot
been given much attention., It is the main objective of this report to
study the influence of the nonlinear, gas-film, restoring and damping force

upon the response of the pad to a given forcing fumctiom or disturbance.

-1 -



-2 .

Specifically, the work reported herein fulfills the following

objectives:

1. To develop a gas-film analysis of purely hydrodynamic,
Rayleigh-atep pad to calculate the quasistatic stiffness and
damping, which depend not only on the operating conditions
but also on the vibration of the system.

2. To extend the analysis to the nonlinear axial response of
the stationary ring due to any external force excitation or
any disturbances induced by the rotor misalignment or surface
waviness.

3. To develop a stability analysis of the infinitely
wide, single-step pad to explore whether there exists any

thresholds of stability for the system.

1.2 Historical Survey

In 1918, after Reynolds' theory of thick film lubrication became
generally zccepted, Lord Rayleigh (Ref. 1 ) first applied the theory and
discovered that an optimum profile for the load capacity of a slider
bearing is a flat step. The method of the calculus of variations was
used to optimize the shape of slider bearing to an infinitely long,
incompressible film. From then on, any hydrodynamic bearings composing
of two sections of parallel surface film are called Rayleigh-step bearings.

The optimized geometry of a Rayleigh-step slider and its corresponding
optimized, non-dimensional, load capacity for an incompressible film can
be found in most textbooks on lubrication (Ref, 11 ). For compressible
gas film, the optimized, one-dimensional, Rayleigh-step bearing was analyzed

by Wylie and Maday in 1970 (Ref. 2). The load capaclty of an optimized step
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bearing was found to be slightly lower at low bearing number but much
higher at higher bearing qumber than the load capacity of an incompressible,
eptimized, alidef bearing.

The problem of a two-dimensional, Rayleigh—step, thrust bearing has
not received much attention until 1954, C. F, Kettleborough (Ref. 3)
solved the pressure profile and calculated the load caﬁacity for the step
thrust bearing by Relaxation methods. In 1955 (Ref.I:f)he applied the
analogy method contributed by A, Kingsbury (Ref. 12) to investigate the
pressure profile for an oil-lubricated step bearing by an electrolytic tank.

In 1959, using air as the lubricamt, K., C., Kochi (Ref., 6) showed the
characteristics of an infinitely-wide, Rayleigh-step, thrust pad by the
use of semi-graphical method. He demonstrated that am analytical solution
to express the pressure profile explicitly is extremely difficult, because
the Reynolds equation for a compressible film is nonlinear,

In 1961, J. S. Ausmann (Ref. 7) made certain approximations to
linearize the Reynolds equation for a compressible film, and obtained a
series solution ﬁf the pressure and load for a self-acting, stepped, sector,
thrust bearing by the aid of Neumann polynomial. He obtained the numerical
sclutions for the optimized number of sectors and step depth for the maxi-
mum load carrying capacity.

Recently, Cheng, Chow and Wilcock (Ref, 8) presented some results
for shrouded, Rayleigh-step pad used as a flexible face seal. The pres-
sure gemeration and static stability of this type of surface profiles
using as a flexib;e seal ring was discussed, and the effectiveness of
hydrodynamic action was confined to the static stiffness characteristics
of gas film, The influence of the nonlinear gas-film forces and the

question of gas-film stability of the hydrodynamic, Rayleigh-step pad



as not been investigated. Therefore, to ensure a safe operation of
ayleigh-step, thrust pads, it is necessary to conduct a full-scale nonlinear

tudy, which is the major objective of this work.



I1. GAS FILM FORCES

2,1 Statement of the Problem

The major concern in this section is ﬁhe determination pf the
time-dependent, pressure distribution within the gas film between two
annular surfaces containing a series of Rayleigh-step pockets as
shown in Fig. 1. This problem is formulated within the framework of
the conventional theory of lubrication for a compressible lubricant.
The major assumptions commonly used for gas-lubrication theories are:

1. The pressure across the film is constant

2. The flow is laminar

3. Inertia forces are neglected

4, The film is isothermal

5. The flow is Newtonian,

Under these assumptions, the governing equation for a tfansient,
continuous, pressure fjeld becomes the well-known, transient, Reynolds
equation for a compressible fluid. Various analytical and numerical
methods for the solution to this equation have been outlined by
Castelli and Peviric (Ref, 13 ). For the present problem, the abrﬁpt
geomelry introduced Ey the Rayleigh pocket makes it rather difficul; to
solve the pressure equation by any analytical methods, For this reason,
a numerical method is employed in solving the discretized pressure
field based on the solution of a system, non-linear algébraic equations
by the Newton-Raphson procedure. The numerical iategration of the
discretized pressure fleld gives rise to.the time-dependent gas-film
forces which are required for investigating the nonlinear response

of this type gas-film to a prescribed forcing function or disturbance

function.



2,2 Pressure Equation

The discretized pressure equation is derived by considering a flow
balance within an element of the gas film as shown in Fig. 2, The massg
flow rate into the left boundary, AD, and the bottom boundary, AB, are
designated as 9 and 95 The mass flow rates out of the boundaries,

DC and BC are, likewise, designated as 5 and Y- In addition, there are
mass stored in the volume which is designated as e

Based on the assumption in 2,1, the velocity is parabolic across
the film. Integrating the velocity across the film, one may express
the mass flow rate in terms of the boundary velocities and the pressure

gradients, These can be written as

3 T, ..~ T, ..
g, = [P M - -&....._.h ﬁR] f_._“]- i- ) (2.1)
1 2 " 12 20 \~ 2
j'lﬁli
U h 3 9 -0
q, = | p L . 2 2p} f’_ii}_._i:_l), (2.2)
2 P2 T r2pard , o\ 2 i-k ’
i'%’J
3 o r .
r arh ph ) /il i-1
g = I p — - (_2- 3)
37 [P 1Zur 8, 4 2 )
h -
9 = l‘p%__.iﬁlj.@ﬂ ,’B al e'l\r (2.4)
L 2u arJi+$,j \ 2 J itk
-G ORNGET S SRS O <°1+1 “ 8. (2.5)
95 il 3 J T 3 J .

The flow balance requires

I~
-

9y F 9 =93+ q, + g {



Introducing the following nondimensional variables:

2
h r Gu.u:ro
PSL: H== , R=— | r1=qt ,Q-'PH,andAr:
P § r 2
a o p.5
a
and using the equation of state p = %f » Equation (2.6) becomes
reeQ H 3 I S TR T Sl T
L RE TS - R 28/ '(ARH—'z_'ae) BN 2 /
'V’Q i,3~% ‘\/Q i,1+%
3. 9 e
30 M Q) LS 2 I X
+ — R,  + [=— R
2 - i+ 1\ 2
L ( aR) -y,g %0\ BR}ng,j % /
_ ‘2!\ (2w A4 - Ri-l‘) AL S T T
ar / \ 2 i 2 A
i,)
Further simplification leads to,
1 T fen Q. o Fooe) /pore @ 3 RO
e ey L et - e 8 T MRS 0 9R e/
i i< R i,j-% R 1,3+
1 (> a9, B % >
R + R
TR, R U Ry M T Rpyy y 1
- op (ORE | ~
2 ( aT) R, (2.7)
1,1
Introducing the following finite difference approximations:
\aa) o IO CHENC NN
NQ = , .
(33)1-g_3 @ - Q) /@ - B ) | (2.8)
Uit Y 42

Q,5x = 2
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one obtalns a system of first order differential equations in time for
the discretized pressures,

To obtain the exact, time-dependent, gas-film forces, it is necessary
to solve this equation simultaneously with the equations qf motion of
the supported mass by an explicit or implicit,numerical procedure for the
initial-valued problems, This procedure necessitates the calculation of
the pressure field at each time interval during the transient, and it is
extremely uneconomical and cumbersome.

iIn the case of a high, ambilent pressure, the effect produced by the

term containing %% becomes insignificant comparing to that by %% » One may

neglect the-%% effect, and thus decoupled the gas-film forece calculation

from the dynamics of the supporting mass. Ignoring the contribution by
2P

3 the pressure distribution can be solved independently as a function
of H and-%% or ﬁ. The assumption of a negligible-%% effect is made in the

subsequent analysis. Expanding the terms in Equation (2.7) by using

velations (2.8) one obtains

839 g T A Wy gt asQ g gt (a3t a e+ A talyy, |

- a
1 1 “1 —— ———————
S — - - -
L B=og Ry 3+ 30 4y 7 2y 5y 70 (2.9)
N + -1 at the end of the pocket
vhere  A=H, . -H L= {, otherwise



and
MRy
(apdyq,y = 2(6,,; - 6, p "y 41
ARy
(ay)y 4 = 208,57 - 81, (Hy, 41’

(ay) = (H )y
(2.10)
1 .
(a,) = ~ - (H )
41,3~ 2R (ej+1 j 1)( 1 ej) i, it

(R, + R, 1)
(a5)y .5 = T® - i)%R R, L) (“3)1-% j
, s+1 " Rio? By TRy ,
(R +R)
(agdy 3 = T® 5 )(R SR (“3)1+g '
» R~ R Ry i +J

(agly j = MRy Hy iar

2.3 Method of Sclution

The gset of nonlinear, algebraic equations to be solved for the pressure

field, Qi i’ is
s

I L R T
- ' NN
3Q_1,5 " (a3t e, tagtanQ 4 L L1 1V%,5 *
36Q42, 3 * 3%y 41 T 2Ry 1 = O (2.9)

where Qi I is the implicit function for the node point (i,j). Newton-
»

Raphson method has been employed here to solve these equations.
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RBazed on this method, Q: i can be improved by calculating the dif-
| 3

ference A Q 1,1 which is found from first order approximation of Taylor's

expansion for & Using Taylor's expansion, eq. (2.9) becomes

1,5
§“" ( )ﬂQn +3Qixiaqn +.._J.-1._AQ

B g, e (3B e, - 0(€) =0

aQL-l,1 aQ‘:ﬂ;j

From Equations (2. 9) and { 2.11), one obtains

"

_ §:S = (a, + 2 | )-’3@;,1:‘ + Q._;-AQ;..,j-

Since Q? § are known from the previous iteration, the set of linear
. 3

simultaneous equations (2,12) are solved for the differemce A Qi i’ by
2

Gaussian Elimination Method.

The new iterated Q becomes,

w1l

n
U,s = Y3+ 09,;

and the procedure is repeated until all A Q becomes less than a

i,

prescribed convergence error.

(2.11)
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A computer-program RS5S-FILM has been written to calculate Qi,j’ for
a glven nondimensionaless, gas-film thickness H and a nondimensionszless,
velocity ﬁ. The mnondimensional, pressure distribution can be obtained by
dividing Q by the nondimensional gas film thickness.ﬂ. The horsepower

required to overcome the friction resistance i3 calculates as

CRAar | L oae (2.13)
Jower] g

nxTxNx 60 \
53000 (2.14)

HP =

Also, the load perpad is obtained by the following integration

.
W pa.JA(P - I)r dodr

R0 BG+8L

2 -
= pr, | R J (P - 1)d8 | (2.15)

Figures 3, ko 7 show the effects of change in H and H on the pressure

distributions in a shrouded, Rayleigh-step gas pad.
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2.4 Approximation for Gas-Film Forces

The gas-film forces are shown to be dependent upon H, %% » and the

following operating and geometrical parameters

2
6puro
A= — = Bearing Parameter
paii
9L
T = Step Length Parameter
G L
2B
or = Shroud Width Parameter
) i
ZnRo
——— = Length to Width Ratio
NR_ - R)

Table 1 lists the gas-film forces for an annular bearing surface
containing 20 Shrouded-Rayleigh-Step pads, with geometrical dimensions
shown in Fig. 1 . By plotting data on a log-log scale in Fig.8 & rig.9
it 1s found that they can be fitted with the following function for a wide

range of dimensionless thickness, H.

c C
1 2 dH
F ny - n, bw a1 (2.18)
H H

Tables 2 1ist the approximate,gas-film force based on Eq. (2.16) and
the actual values interpolated from Table 1., The errors introduced by
using the fitted Equation (2.16) are also listed in these tables,

The values for Cl’ 02, n,, and n, for the gas-film forces listed iu



- 13 -

Table 1 are found to be

C, =2,32 1b

1
C2 = 0,76 lb/(in/sec)
n1 = 2,5
n2 = 2.5

The above constants, of course, only apply to the operating and
geometrical parameters shown in Fig.l + For other parameters, a dif-

ferent set of Cl’ CZ’ n, and n, will be required to approximate the

2
gas~film forces,
Letting H0 be the equilibrium nondimensional gas film thickness,

and defining x as the nondimensionalized displacement from Ho’ positive for

a decreasing of H, the gas film force can be alternatively expressed
as,
¢ C
.1 2 ax
F m ¥ o, wb 3T (2.17)
-~ X -
(8, ) (H, -X)

wvhere H = H0 - X

dH ax
and 9% = - oF



III. NONLINEAR AXIAL RESPONSE

3.1 Mathematical Modeling

The main problem in this chapter is to determine the dynamic response
of the stationary ring to any external force excitation or to any disturbances
produced by the rotor misalignment and by the rotor surface waviness.
Knowing the detailed motion of the stationary ring with respect te the
rotor motion, one may calculate time-dependent gap distribution between the
surfaces. In general, the dynamic response 6f the stationary ring is
measured by the axial translation and by the rotations about two mutually
perpendicular diameters of the ring. However, for a statiomary ring with
a narrow width and a large diameter, the respomse in the axial mode is
very weakly coupled with the oscillation in the angular mode, Furthermore,
the equation governing the angular oécillation is very nearly the same
as that governing the axial motion. Thus, it is only necessary to
concentrate the analysis on the non-linear characteristics of the motion
in the axial mode. This reduces the problem from a complicated, three-
degrees-of-freedom dynamical system to a single-degree-of-freedom problem
for which a more thorough analysis can be afforded. The weak coupling
between the axial and angular oscillation is demonstrated analytically in
Reference 14,

Figure 10 shows the mathematical modelling of the non-linear
vibration of the stationary ring in the axial direction. It consists of
a stationary ring of mass m subjected to a steady load W,. The back face
of the ring is flexibly mounted to the frame through a soft spring of
stiffness K3 and the front face is supported on a very stiff, non-linear

gas-film whose restoring force is represented by the power relations

- 14 -
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formulated in Chapter 2, Eq. (2.17). The major problem here 1is to
investigate the motion of the statfonary ring for one of the two following

conditions:

a, a force excitation, cos w.t, acting on the stationary ring.
1 £

b, a presc-ibed rotor disturbance characterized by a Fourler series

N
Ay .
L en cos nwft .

n=1

3.2 Equation of Motion

3.2.1 Force-Excited Motion

The equation of motion due to a force excitation q cos gt is
considered first. Recalling from Eq. (2.16), the force balance on the

stationary ring gives the following equation,

2 C c
md’2‘+ :}_5- gs%-w+ksx=qcoswft 3.1)
de Hi.. e o

where kgx is small comparing with Wy and other terms.

Introducing the following nondimensional variables

X = “/§
T = mft
- _ %
w= 7
w
C
T
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mé(w )

* .
where w 18 the natural frequency of the system based on the linearized

equation of Eq., (3.1). Equation (3.1) becomes
WK+ ek —2L 2-5“.““[ - 2.5 " 11’5]
(HO - X (H -x3°° *

=  cog T (3.2)

where

3.2.2 Displacement-Excited Motion N i

Consider now the disturbance function Z; en cQs nwft resulted from
1

the rotor misalignment, commonly known as the run .out, and the non-

flatness of the rotor-surface. The film thickness H will be perturbed
by this disturbance, and bacomes
N

H-HO-X+ZEncosnT (3.3)

n=l

“n/
where E = © & .
n
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The equation of motion in the absence of the excitation q cos ukt
becomes
axt & 9 % g 5 4
et s T e 5 T 25ac ~ (3.4)
dt n-’ H ™ H™" ‘
o
Substituting Eq. (3.3) into (3.4) and letting X' = X - E: En cosnT,
one obtains n=1
_ " . r- -T
mzx'+CX' 1 257+BL 1 3.5 " isj
- ) * - ¥ L] -
(A - X') (H, - X" H,
N
L ol
=, Q; cos n T (3.5)
=1
where
Q' = n 3%E (3.6)
n n

Equation (3.5) is identical to (3.2) with the exception that X, and
N
Q cos gt are replaced by X' and Ej Q'n cos aT respectively. Thus, the

n=1
solution for the force-excited oscillations is also applicable to the

displacement-excited motion provided the proper substitutions are made

for X' and Q' .
n

3.3 Linearized Solution

1f the mation of the stationary ring is such that the resulting
gap variation, H - Ho’ is only a small fracﬁion of the equilibriﬁm filw
thickness Hﬂ, the response can be estimated from the solution of the
linearized equation about the equilibrium film thickness Ho' Lineariziny

Eq. (3.2) for the force-excited motion, one obtains
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-2 C :
w x+ 25X+X=QcosT (3.7)

H
o

Similarily, linearizatiom of Eq. (3.4) for the displacement-induced

motion leads to

--2 x+ _9___3 X+ X=¢coa T (3.8)
1k T
o

Eqs. (3.7) and (3.8) are clearly the standard, damped vibration equation

for a single mass, and its solution can be readily written as

A = g

(1 - aH 2.

(3.9)
B
5 |

“1 (1 - '&2)“02.5
o = tan c . (3.10)

where X = A cos (T - o)

3.4 Non-Linear Solution

Two methods have been employed to obtain the non-linear response
characterized by the solution to Eqs. (3.2).. The first is the method of
Galerkin.{Ref.18) which gives an approximate solution to the nonlinear
equation. The degree of approximation is governed by the number of terms
considered in the assumed function in the Galerkin procedure, The second
method is the direct, step by step, numerical integration using a

Runge-Kutta procedure. Details of these two methods are given next,

3.4.1 Method of Galerkin

The non-linear equation in question, Eq. (3.2), can be represented,

tmplicitly as
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£(X, X, X, T) = 0

where

-2

£ =2t X+ CX+ B B

- ~Qcos T=0 (3.11)
2.5 2.5 ‘
(HO - X) H

According to the method of Galerkin, one may assumé that the unknown

response X(1) can be represented approximately by a truncated Fourier

seriles,

N

- ‘
X= a cos T + bn sin nT ‘ (3.12)

;
L

n=0

The substitution of (3.12) into the differential equation gives

arise to the residue function,
R(T) = £(X, X, X, T) ' (3.13)

The R(T) will not vanish unless X(T) exactly satisfy the differential
equation. 'The Galerkin method provides é set of equations by which one
can solve for the constants a, and bn for which the residue function will
be made extremely small. These conditions are obtained by requiring that
the integration of the residue function as weighted by each individual
Fourier component (cos nT or sin nT) be made equal to zero. Stating

mathematically, one obtains,

l'zn
j R(T) cos nT dT = 0
o
(3.4,
2n
J R(T) sin nT 4T = 0
o

forn=10, 1,2.,..N
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where

R(T) =

P

- EF n2(a cos nT + b sin aT)
n n

n=0

N
B+ C ' n(-a sin nT +b cos nT)
[ n n
n=() B
+ - = (3.15)
B N /2 W 5/2
!H - (a cos nT + b_ sin nT) | o
Lo : n n R
n=0
- Qcos 1

For N > 1, integration of Equation (3.14) involves definite integrals
of - 3 th power of the Fourier series. A gallant attempt was made in
reducing these integrals in some manageable form, but was unsuccesful.
Thus, the inclusion of any terms beyond N = 1 was not made.

For N = 1,

X

ao + ) cos T +-b1 gin T (3.16)

Further eimplification is made by representing X with

X= Acos (T - o) - Ab (3.17)
where
A =+~ 3
o (o]
2 2,172
= f
A a, +b1 )
_1bl



Substituting (3.17) into (3.14), one obtains

WA _
J r-LUZA cos T + B - CAsin T
L ~2e5 2.5

© i_H +A1 I1-——-5‘—“.) 'I‘_]

‘ Ho ¥ 851 1" H Fa o8 T

o o
. 1
- Q{cos o cos T - sin o sin T)J sin T dT = 0
cos T

Integrating Eqs. (3,18) and noting the following relations:

J2m cos T
j sin T dT = 0
o sin T cos T
2n coszT
| sin’T dT = =
o
21 sin T cos T dT = 0
N —
o \1 - m cos T,
0 0
;2" sin T dT = ©
J . A 5/2
o i1l = s—d— o8 T)
\ H 4+ A
o o

Equation (3.18) reduces to the following algebraic equations

B
- A w2 + o I1 ~Qeos =0

CA
- h Iq + Qsinag =20

- 21 -

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

{3.23)

(3.24)

{3.25)
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where
o
2 2
I1 = Er'J 31 cos T dT (3.26)
1 %0
n
2 2 2
e =t 3.27
I‘{+ D1 J 32 sin” T 4T ( )
(]
i
2H02'5 Vz
= d 3.28
I b, | S,dT ( )
. Q
S
1 1 { -7 1
s,(" 7 7.5 L+ J 2.5 (3.29)
- cosT> 1+ cos T
\ Ho + Ab Ho + Ab /
b= 1+ a)*? (3.30)
(0] O

Eliminating o from (3.23) and (3.24), one obtains a system of two non-

linear equations to be solved for A and Ao. These two equations are

BI 2 cAl, 2
F(aa) = (- aW) + | ) -0 (3.31)
G(A,A) = I, - 21 =0 (3.32)

Using Newton-Raphson procedure, the successive corrections A A, A Ao can

be expressed in terms of F, G,

last interates of A and Ao.

. oF

- JA

AA:-% °
-G 9G_

AA

]

oF JF G

oF oF &G 3G
oA’ BAO’ d4A’

and ——, evaluated at the
aA()

(3.33)
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F g ,
Aa = 1 oA (3.34)
o . A
L g
3A
2F oF
24 34, : , |
where A = : . (3.35)
26 5L
dA dA
BT ol CZAI a1
F _ (1,2 (E A T2y, . 4 &
x - 2( L a3 ) - W) > (14 s (3.36)
BT o3t 2.2 Al
F _ ,io1  =2yB°1 cA 4
A 2{ = - Aw ) Y s By (3.37)
[#} O
31
o6 _ 5
dA - DA (3.38)
ar
6 _ 5
34 A (3.39)
o [e}

The differentials of nonlinear integrals can be derived from equations

(3.36) - (3.28). They are

n
1 3
1 1 ' 2
o {s Jzos T 5,47}
Ry
E
I 3
1_ -1 }
= - 15 J cos T §,dT
[»] 2 0
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Equation (3.40) cont'd.

n
ol 2
4 1 T J 2 }
— = — 415 sin” T cos T §,dT
34 D, L o 4
I
oL 2
4 -1 { e, 2 }
--2‘-“"5.Jsln T §.dT
A, D, o 3
T
au, MY 2 .
—2 = S {5 dT |
SA 5 { J0°°S T Sy¢ly
T
3L w23 3
3. _ .0 ‘{5 .S, dT)
34 D, Jo 4%t f
. 3.5
where D2 = \l-l:) + AD)
and
{53 ) 1 {-} 1
s, [ 3.5 L+ . 3.5
4. / A 'r A -
{1 2 B : A
\1 i+ A cos T) \1 + TR cos T)
[»] o [e] 8]

Being provided with values of A, and Ab’ o can be solved from Equations
{3.23) and (3.24) as

-1
o= Dan =
BI, - mAuw
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A computer program has been written to solve for A, Ad and o, from which,

X and X
m

can be determined by
max

in

max o )
(3.42;

X = -A - A

min

The integrals Il, 14, I5 and their derivatives with respect to A and
Ao are evaluated numerically. Tables have been prepared for various

values of A,'(H0 + Ao) varying in the range, [0,1] at intervals of 0.01.

3.4,2 Direct Integration

-The step-by-step numerical integration of Eq. {3.2) is achieved by

splitting it into two first order equations:

X=Y
N ” i
‘f:%—zj 25- B+C‘;5+QCOSTJ
. w ‘Ho (H0 - X)

( Ref, 16 )

The popular Runge-Kutta method A has been employed in obtaining the
solution for X and Y with a given set of initial conditions Xo, Y . The
response is represented by'the trajectories in the phase space‘plot (X,Y).
The response is considered to have reacheq a steady state if the trajecton
approaches 3 limit cycle, which could be a single or multiple-looped cycle,
A library subroutine at the Vogelback computer center has been used for
this numerical integration. Fortran listings for the Computer program,
RSGALN, which calculates A, A and by the Galerkin method, and the
computer program, RSRKIT, which calculates the trajectories in the phase

space, are included in the Appendices and .
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3.5 Results of Non-Linear Response

The results of the nonlinear response are presented in two parts,
The first part is obtained from the method of Galerkin one-term approxi-
mation, and the second part from the Runge~Kutta direct integration.
Since the gas-film 1s an unsymmetrical spring, i.e., the relation between
the displacement and restoring force is not symmetric with respect to
the equilibrium position, the amplitude of response during an upstroke
is different frowm that during a downstroke. During an upstroke, the
gas film stiffness is softer, and the amplitude is greater than that during
a downstroke when the gas-film is considerably stiffer. For this reason,the
response 1in the upstroke and downstroke are plotted separately against

the non-dimensional excitation frequency in Figs. 11 to 19 .

3.5.1 Results by Method of Galerkin

Referring to the equation of motion, Eq.(3.2',it is seen that the

parameters affecting the dynamic response are:

c
B = stiffness parameter = 1*

2
mé(w )
€%

€C = damping parameter = x
my
h
Ho = static-film parameters = 0/5
Q = forcing intensity parameter = -—S“;'E
‘ wmh(w )
- i Wer *
w = frequency parameter =

The general characteristics of the upper and lower amplitudes as
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a function of excitation frequency are illustrated in the sketch below.

The wmonlinear response based on one-term Galerkin method is shown as

solid lines except with a small portion of the unstable oscillations ,which

are shown as dotted lines. The dashed lines show the response predicted

from the lin:arized solution., In the region AB, the excitation freque.. .
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is smaller than the natural frequency, uf, based on the linear theory,
and the non-linear solution predicts a smaller lower amplitude but a
greater upper amplitude comparing to the linear responsé. As Wwe increases
to the region BC,‘the non-linear theory yields three possible solutions,
one along the path BC, one along the path B'C, and another one along the
path B'C’. The solution along BC is in-phase with the forcing function
and is the most stable mode of response; the solution along B'C is un-
stable and only exists mathematically; and Fhe solution along B'C' is
out-of-phase with the excitation and is less stable than the solution along
BC. For excitation frequency beyond the region BC, the characteristics
of the non-linear response are similar to that of the linear response in
the region where we > w*. In this region, the pad is insensitive to
the excitation and would not track any disturbance introduced by rotor
runput oOr waviness,

The non-symmetrical nonlinear gas-film produces a response charac-
teristics which resemble more to the response due to a symmetrical,
soft, nonlinear spring, for which the resonance occurs at a frequency
considerably lower than the natural frequency based on the linear theory.
This correlation is really not surprising, since the mean position of the
oscillation shifts to the region of softer stiffness, and the nonlinear

oscillations are dominated by the softer part of the gas-film stiffness.

Fig. 11 shows typical response curves for the following dimensional

parameters:
ho = 0.0005 inches
5 = 0.001 inches
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m = 0,2 slug or 6,44 1lbm
C1 = 2,32 1b
C.=0.76 1b/“nlaec)

q =1,2, and 5 1b

The corresponding,non-dimensional parameters are listed in Fig. 1l .

The inward bending of the resonant peak in the region‘a < i is cleariy
visible in all three cases. Fig.12 shows the effect of increasing the
mass of the pad from 0;2 slug to 1.0 slug. The increase in mass does

not alter the parameters, B, Ho’ and Q, since (u.:*)2 is inversely pro-
portional to m. The only parameter affected by changing of m is the non-
dimensional damping parameter. A five fold increase in mass is equivalént

to a 4@ times reduction in the effective damping factor C The more

o
peaky response near the resonance is clearly visible in Fig, 12 when the
mass 1s increased by five fold.

Figs. 13 and 14 shows the effect of increasing the equilibrium'film .
thickness from 0.5 to 0.75. The natural frequency is reduced sharply by
the increase in the film thickness, and the level of response is also
much greater with a thick film than with a thin filwm for the same forcing

function.

To investigate the effect of damping the value of C. has been doubled

2
and halved from the case shown in Fig. 11 . The curves in Fig. 15 show

that when the damping is doubled, the response near the resonance is

considerably suppressed, The opposite effect is introduced if the damping

is halved as shown in Fig. 16 .
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3.5.2 Results by Direct Integration

Both the upper and lower amplitudes obtained by using the step~by-
step, Runge-Kutta, direct integration are plotted against the excitation
frequencies in Figs,. 17 and 18 . A case of heavy mass, small equilibrium
film thickness, and largé excitation force ﬁas been selected to illustrate
the nonlinear effects., The linear responsé curve and the approximate
nonlinear response by Galerkin method are also plotted as dashed and
dotted lines for comparison. It is seen that the agreement between the
Runge-Kutta results and the Galerkin results is good nmear @ = 1. This
clearly shows that even with one term approximation the Galerkin method
yields a reasonably accurate prediction for the synchronous response,

For @ < 1, the Runge-Kutta results show a series of superharmonic reso-
nances at anapproximately equal to 1/2, 1/3, 1/4, etc. The magnitude of
these superharmonic amplitudes is, of course, governed by the damping
factor,

Fig. 19 shows the trajectory in the phase-space plot for condition
near the second superharmonic resonance. The final limit cycle forms a
two-loop orbit showing typical characteristics of a superharmonic response.
Other trajectorles at the third and fourth superharmonic resonances are
also shown in Figs. 20 to 22 . A subharmonic resonance is also found
for w ~ 2.0, but the amplitude is small and harmless. The Characteristics of

the phase space trajectories near (= 1 are plotted in Figs. 23 to 25.



IV. STABILITY OF AN INFINITELY-WIDE RAYLEIGH-STED ¥AD

4.1 Statement of the Problem

It is well known in hydrodynamic lubrication that a dynamic system
involving any fluid-film supports may, under certain conditions, encounter
detrimental self-excited oscillations commonly known as dynamical instability
of fluid-film bearings. The gas-film bearings are particularly susceptible
to this type of instabilicy. The fractional frequency whirl of a
shaft supported on gas-bearings and the pneumatic hammer in externally
pressurized gas-bearings are two of the prominent examples of the fluid-
film instability. For journal bearings, the gas-film instability usually
occurs if either the rotating frequency or the supported mass becomes
large. There have been comsiderable data availabiz to predict the threshold
speed or critical mass of the journal bearing. However,
for gas-lubricated thrust pads, the problem of instability is relatively
unexplored, Since present trends in gas-bearing are always toward higher
and higher speeds, it is important to determine whether there exists anf
stabllity threshold associated with a gas-lubricated, thrust pad.

This chapter is devoted to the stability analysis of a thrust pad
with a Rayleigh-step. The geometry of such a thrust pad is shown in
Fig.26 . In order not to impose excessive burdens on the analysis, the
assumption of an infinitely wide pad has been made. Moreover, the motion
of the pad (s assumed to be restricted in the transverse direction only.
With these two assumptions, the problem is reduced to the stability of a
single-degree-of-freedom dynamical system with restoring pressures
governed by a partial differential equation in space and time,

- 31 -
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4.2 Governing Equations

The one-dimensional, time-dependent préésure distribution is governed

by the Reynolds equation,

N 3y o(ph) alph)
2 (ph ) = 6u AR 4 gy, 2 (4.1)

where h = § + h0 + e(t) for 0 < x < B1

h="h + e(t) for B, < x < R
o 1

e(t) is the upward motion of the pad.

The boundary conditions for Eq. (4.1) are
pzpaat =0 and x= B {(4.2)

The equation governing the pad motion is,

dze B
m— = (p ~-pldx - W (4.3)
de Yo a o

where m is the mass per unit length of the pad, B the length of the pad,
and HB the static load imposed on the pad. The dynamic system represented
by the couplaed equations, (4.1) and {4.3) are to be investigated for the

stability for an equilibrium position.

4.3 Method of Solution

The time-dependent, nonlinear, pressure equation, Eq. (4.1), is
difficult to solve analytically., A numerical approsch has been used here
in solving a set of discretized, time-dependent, pressures along the

coordinate X,

The discrerization of pressure is achieved by considering the flow
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balance in an elemental volume within the gas film as shown.in Fig. 26 for

the i-th element, The flow rates in and out the element are reépectively

9 and dz,.and

(4.4)

where u1 =y agnd u, = 0

2

Considering the flow balance,

9y - 4, = rate of mass stored within the elemental volume

It follows,

h>"ap h>
EER) &R

B i-1 . i
o = i .
35t Lpi(hi—% 7 Y ha T )] | (4.5)
Using the isothermal relation,

B-RT = constant (4.6)
p e

Introducing the non-dimensional parameters,

. P
P /pa

(4.7
X = ¥/



Equation (4.7) cont'd

h h
H=—=

& h2 - h1
A , buBUy

62

pﬂ

12 sz
o = S

P,
T = vt

Vv = excitation frequency

/
and using the following finite approximations for ?QE\ s P .
\Bx/’ i'%
i-%
(_a_g R T
aX i-% xi - xi-l i) xi-l
P, == (P +P .)
i-% 2 i i-1
Uiy =3 B+ B )

1 s 2 2. 1 ‘2 2.
P - - — .
Y AN T R SN N R ¥ X 1 i = Fio1) Mg 40
- A (PM_1 + Pi)(Hi+1 + Hi) + A (Pi + Pi-l)(Hi + Hi_l)
=o{-—'§‘r].’(l{ +H ) AKX+ P (h . +H) X
oT L 14 i-17 i-1 3T Tivitl i’ i
where
= Iy +u 3
8,i i+l i/
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(4.8)

(4.1G
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where A

Ci co,i i-l,0 + fo,l
Hs i
T em—
ao,i 4 Xi ? do,i A(Hi.-+1, + Hi,o)
H -
::0'1 iy Xi_l . fo’1 = A(Hi, + H _1’0)
bo,.i = ao,i " co,i ? eo,i = do,i t fo;i (4.17)
and
= = .18
Pl,o Pn,o 1 (& )

Since the algebraic equations (4.16) are nonlinear, Taylor's expansion

is used to reach the following simultaneous equations for A Pi o’
»

H

- {
A @i Qi.Pi 0) (4.19)

»

where A @

H

(Ai+ a )A P,

,1P1+1,o +1,0

* (Bi + bo,iPi,o) 8 Pi,o

+ (Ci + C YA P

o,ipi,o i-1,0

Equationa(4.19) are inverted directly for successive A Pi o until the

convergence iu reached,
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In equation (4.9), both the discretized pressure Pi and Hi are dependent
on time, For transient studies, they have to be solved simultaneously with
the dynamic equation of motion, Eq. (4.3). However, for smail osciilations
and stability analysis, the variation of H and P with time can be con-

sidered as small perturbations about the equilibrium solution, HO and P -

These small perturbed quantities can be expressed as

Hi(T,X) = Hi,o(x) + e(T) | (4.11)

P, (T,X) Pi,o(x) - e(T) P, (X) (4.12)

i,c

where ¢ = eié

|§5' << 1
1

The minus sign im (4.12) is due to the fact that an increase in
thickness leads to a decrease of pressure of the gas film. Substituting

{4.11) and (4.12) into Equation (4.9), the equilibrium equation and the first

order perturbed equations can be obtained. They are

1 (, 2 2. 1 / 2 2
1 - H | = ——— -
8% \Virl0 T Frio) s TR X \PaLo Pio1,0) s, im1
- AP + +
i+l,0 Pi,o)(Hi+1,o Hi,o) + A (Pi, + Pl-l,O)(Hl,O + Hl-l,u
= Q (4.13)
and
+
(P1+1,oas,i an,i)Pi+1,c + (Pi,obs,i + bn,i)Pi,c

P f 4+ e P E : :
i i,cJ a,14
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where
Ha i A
- ——Bal - -
as,i ~8A Xi ! an,i 4 (Hi+1,o + Hi,o)
H
e Bpl-l i
o1 " TBAX . 7 Cm1Ta ot Hio
b, = - _
8,1 8.4 " %,1 *  Pnyi T %,1 7t %

1 2 2 2 2
= - +
4 =% X, (P:H-l,o 0 )(Hi+1,o +H )

1 2 2./ 2 2
Y X1 (Pi,o - Pi—l,o )\Hi,o + Hi,oHi-I,o + H1-1,0 )

A
T2 (Pi+1,o N Pi,o)
- ' 7
ey =% (Mypp o ¥ By QA X + (Hy +H 4 AKX 4]
- .
ST A CE Y - %15

Equations {(4.13)} are nonlinear simultaneous algebraic equations for

the pressure distribution P They are solved numerically by Newton-

i,0
Raphson method. The boundary conditions are Po( i,n ) =1,

Rewrite equation (4.13 ) as

$.(

i Pi,o)= AP + B.P +CP =D (4.16)

i i+l,0 i'i,o i“i-1,0

for i = 2,...,n - 1.
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After the equilibrium pressure distribution is found, Equations
(4.14) are solved for the first order pressure distribution, Pi c *
3

In Equations (4.14), both Pi c and ¢(T) are complex quantities, and they
]

are assumed to be

Pi,c = Pi,R + jpi,I (4.20)

and

—— (4.21)

The boundarvy conditions gre P e = 0 at entrance and exit, which gives

PI,R = Pn,R = P1,1 = Pn,l =0 (4.22)

Substituting Eqs. (4.20) and (4.21) into Eq. (4.14), one obtains a

system of 2n - 4 simultanous, linear equations,

X P
A, M Y ALK Y AL K Y A2t Bame2 D
. 4,23
for is l,ececese pog (4.23)
A + + 2=
o2, s Mo F A B YA X AL K= Dy
fOt i = n'l,oooooo,zn'ﬁ
In the ﬂbDVE, A 81'1(1 X for 1 = 1,-..----.} n'z are defined by’
i = i+l
A1t 7 TraL0%, 5t A,y v X1 T PR
= P -
Ai,i ILﬁbss,j * bn.j » X Pi+1,1t (4.24)
Ai'lsi B Ij"lrocssj + Cn:j ' . xi'l - Pi,R
Atrn-2,1 = € » Xiin-2 T Pal,x
D, = d
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and for 1 = n - 1,...,2n - 4, they are defined by,

j = 1-o#3
-Ai+1,i = Pj+1,oas,j + an,j ’ xEi.+1 = Pi-n+4,1
A = P b .+ b . » X =
i,1 }ro s,] -y ] i Pi"ll+3,1
= = 4.2
Mty T P5e1,0%,3 T %y 0 Ko T Pipat (4.25)
A = - e , X = P
fomb2,4 i i-mk2 T T 4-nt3,R
= f
%7
The boundary conditions become
X = P1 R = 0
° ? for equations with i = 1,
X (4.26)
n ~ 2, respectively
xnwl = Pn,R =0
and
X = P =0
n-2 1,1 _ '
for equations with { = n - 1, (4.27)

2n - 4 respectively

These sjmultaneous equations (4.23) can now be solved for {X] vector
by direct matrix inversion. A computer program has been written to solve

for Pi o and Pi e for different real values of v, and the Fortran listing
b ] b ]

of this program is included in Appendixz D,

Once the real and imaginary part of the gas film pressure are determined

>

the integration of Pi R and Pi i gives respectively the in-phase and
1 ?
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1
out-of-phase bearing forces. The in-phase force J PR dX, can be interpreted
] 1

It

as the stiffness of the film, whereas the out-of-phase, J P dX, represents
the damping factor of the film. It should be emphasized that both the
in-phase and out-of-phase perturbed pressure are dependent upon O, or

the excitation frequency v of the mass. The frequency-dependent charac-
teristics of the gas-film reactions is a direct consequence of the inclusion

of the term EL:. The use of these frequency-dependent bearing farces in

ot
determining the dynamic stability of the gas~film and pad system is des-

cribed in the next section,

4.4 Stability Criterion

The stability of the gas-film and pad is governed by the equation of

motion, Eq. (4.3), which, in its non-dimensional form, appears as

2 paB 1 1)

d (o]

de mby o m&v

n

3 (4.28)

Recalling the pressure is the sunmation of the equilibrium pressure,P

O’
and the dyrnamic pressure, - ePc, one obtains
pB 1 WD p B 1
aZJ(P-l)dX- 2=-—9—5eJde (4.29)
mév” Yo mév mév c
it follows that
2 2 1
Sy d ¢ ' )
—t e P AdX =0 (4.30)
KP B ) de JO C

Mathematically, Eq. (4.30) represents a free oscillation problem which
contains stiffness and damping factors depend ing upon the frequency of

the oscillations. A direct approach in determining of the stability of this
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single-degree of freedom problem is to look for the eigemvalue of this
system, If the real part of the eigenvalue is negative, the system isr
stable; otherwise it is unstable, If the eigenvalue is purely imaginary,
then the system {s at its threshold of instability.

Alternatively, one can also determine thé stability thresholds by
assuming ghat the eigenvalue is a purely imaginary number and inquire what

2

would be the mass parameter, EEE—, for a purely imaginary eigenvalue,
a .

Let the eigenvalue be represented by A + jv, and for a pure imaginary

eigenvalue, A = 0, It follows that
€= ¢e = g @ ' (4.31)

Substituting Eq. (4.27) into Eq. (4.26), and separating the real from the
q

imaginary part, one obtains

1

J P(wax =0 (4.32)
[+]

i"lp wax - B (4.33)

JO R PaB . '

where PI(v) and PR(v) are solutions of Equations (4.23) for & given value

of v. The pure imaginary eigenvalue v may be determined by evaluating the

1

integral, J PI(v)dX » for various values of v until the integral changes
o

its sign. The exact eigen frequency v may be calculated by a linear
interpolation. Omnce the eigen. frequency is found, the critical mass at the
threshold of instability can be determined by Eq. (4.28), and

pB 1

m = “'EJ P, (V)X a3
&y o
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Equation (4.29) predicts a quantitative value of the critical mass,
but does not furnish any information on which side the stable region lies,
To determine the region of stability, one may use the criterion developed
by Malanowski and Pan{(ref, 17). Their criterion can be stated in the

following manmner.

Stability Criterion - The system consisting of a thrust bearing of mass, m,
with Rayleigh Shrouded-Step Seal is in a state of self-sustained oscillation
at frequency AR whin and only when the oht-pf-phase component of the
bearing reaction, J PI(v)dK, vanishes, and when the mass, mb has the
critical magnitude to be in resonance with the in-phase bearing reaction,
Equation (4.28). The system will become unsteble if the mass exceeds the

critical value provided the out-of-phase bearing reaction increases with

the frequency in the algebraic sense in the neighborhood of the critical

frequency ¥, , and conversely.

4.5 Resultsy

The steady state pressure distributiom, Po' has been calculated

numerically for the following parameters:

B

1/8 = 0.5, and 0.75

h

H = i 0.5 and 0,75
i

A = é@'g' = 8.4, 42’ a[ld 100

p.b
The resulting pressure curves are plotted in Fig. 27 , and they are in
excellent azreement with the analytical solution provided by Kochi ( Ref, 6)

This comparison confirms the accuracy of the present numerical solution

of the steady state pressure distribution,P
o
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For each steady-state pressure distribution, the dynamic pressure

distributions, P ahd PI are calculated for a serfes value of 0. Figs.28

R
te 35 show a typical series of the dynamic pressure profiles for Bi/ B = Q.5
and 8.75 , H = 0.5, and A = 42, For small excitation frequencies, the

real part of the dynamic pressure is dominated by the bearing parameter A,

and the profile is similar to the static pressure distrihutioﬁ, and 1is
relatively independent of 0. As o increases, the pressure distribution,

PR’ becomes slightly wavy at both edges. The waviness penetrates deeper as

o further incremsses. As ¢ approaches infinity, the effect of A disappears,

and PR approaches the agsymptotic solutiom,

P

(v}
P v o™ W (4.35)

=3

The imaginary part of the dynamic pressure takes a wavy pattern even for
small values of g. For ¢ approaches infinity, the values for PI vanishes
throughout th: entire region.

The in-phase and out-of-phase forces are plotted as a function of
¢ in Fig. 36 , and also listed in Tables 3 to 5, It is seen that for emall
or moderate values of A, the out-of-phase force never becomes negative.
This indicates that for nearly incompressible cases, there exists no stability
threshold, and all equilibrium solutions are stable. As A becomes ex-
tremely largze, the out-of-phase force does become negative at a fairly
high value of g, This crossing-over of zero line indicates that for a
highly compressible film, there does exist a stability threshold, and the
gas film will exhibit a self-excited oscillation at a fairly high frequency.
Moreover, the criterion in Reference 16 suggests that the stable region

lies in rhe area where the mass of the pad is greater than the critics:

mass calculated according to Eq. (4.34).



V. SUMMARY OF RESULTS

1. The gas-film restoring forces in a Rayleigh-Shrouded-Step thrust
pad can be determined numerically by solving the discretized time-dependent
Reynolds equation with irregular grid-spacings to account for any abrupt
changes of pressure at the step and at the exit edge.

2. For conditions of high ambient pressure, for which the term of
h %% can be neglected in comparison with other tewms at the right side of
the Reynolds equation, the gas-film force is found to be approximately
inversely proportional to nth power of the film thickness and directly
proportional to the squeeze-film velocity, The exact value of n is a
function of the step geometry. In general, n lie between 2 and 3,

3. The axial, non-linear response of the Rayleigh-Shrouded-Step
pad'to a sinusocidal, axial forcinmg function or a sinusoidal disturbance
due to the rotor misalignment or surface waviness can be determined by
one of the following two methods:

2, By assuming the response to be a truncated Fourler series
in multiples of the excitation frequency, the Ritz-Galerkin
procedure can be employed to predict the non-linear behavior
.uf the pad motion.

b, By integrating directly the equation of motion of the thrust
pad using a step-by-step, numerical routine, the Runge-Kutta
procedure.

4. Results obtained by using the Ritz-Galerkin method with the
first harmonic terms show considerably departures from the linear response
cnrve as the frequency approaches the resonance based on the linear theory.
The asymmetric spring characteristics of the gas film result intc a non-
linear response similar to that caused by a symmetric, soft, non-linear

- 44 -
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spring. The resonating peak benda inward ;nd occurs at a frequency less
than the resonating frequency based on the linear theory. The peak can
be suppressed by decreasing the mass, increasiﬁg the damping, and increase
the stiffness,

5. Results obtained by the step-by-step direct integration confirms
the approximate solution in the vicinity of the resonance. The direct
integration also predicts a number of additional peaks at frequencies less
than the resonating frequency known as the superharmonic resonance.

6. The gas-film instability of an infinitely-wide Rayleigh step
thrust pad canbe determined by solving the complete, time dependent,
Reynolds equation coupled with the equation of the motion of the pad.
Results show that for bearing numbers, A, up to 50, the Rayleigh step
geometry is very stable, and no stability threshold.has been discovered.
For ultra high values of A = 100, a stability threshold is shown to exist,
and the stability can be achieved by making the mass heavier than the

critical mass.
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d
o

P =P = 315 psia.:
a 8]

= 6,46 ing d, = 5,96 ins

TABLE 1

GAS FILM FORCES (1b.)

i

6 = 0.001 in (step)

w = 277 rev,/sec,

Ambient Pressure

Hoin 2.0 1.5 1,0 0.75 0.50  0.30 0.20
dh/d
-1 in/sec. 0.50635 1,10134 3,2606 6.9965 19.949 65.138 139.729
-0.5 0.45106  0.97913 2.8878 6.1765 17.499 56,041 115.531
-0.25 0.42338  0.91801 2.7015 5.7667 16.275 51.529 103.73%
+0.25 0.36806 0.79580 12,3290 4,9477 13.833 42.576 80,750
+0.5 0.34040  0.73470 2,1428 4.5384 12.615 38.135 69.559
+1 0.28509  0.61250 1,7704 3,7204 10,182 29.325 47.778
0 0.3957 0.8569 2,515 5.357 15.06 47.124 92.8
F 1" F 2
—%—-—i_-: 0.1106 0.2444  0,7450 1.6380 4.8836 17.907 45.975
h2-B

1

1b_.- sec
b6 x 1077 £ 5
in
A = 8.30076
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TABLE 2

LOAD (1b.) CALCULATED AND ERROR OCCURRED (%)

- 49 -

.Q‘m_“_\ 2.0 1.5 1.0 0.75 .50 .30 0.20
h in/sec) .
-1 0.544 1,116 3.08 6.33 17,403 62.7  171.2
+ 1.5% + 1.45% - 5.53% =~ 9.5% - 12,5% - 3.7% + 22,5%
-0.5 0.477  0.978  2.70 5.55  15.28 54.95 150.1
+5.78% - 0.1% - 6.5% - 10.1% = 6.29% + 6.65% + 30%
-0.25 0.4435  0.909 2.51 5.16  14.205 51.075 139,05
+4.78% - 0.98% - 7.07% - 10.5% - 12.3% - 0.89% + 33%
+0.25 0.3765 0.771 2.13 4,38 12,055 43.325 118.95
+2.34% - 3.01% - 8.2% - 11.5% - 12,9% + 1.76% 47.4%
0.5 0.3%4 0,703 1.9 3.99 10,98 39.45 107.9
+ 1,18% - 4,22% - 9.35% - 11.8% - 12.9% + 3.46% 55.%%
1 0.276  0.564 1.56 © 3,21 8.83 31.7  86.8
-~ 3.15% = 7.85% - 11.85% - 13.7%

- 15% + 8.2% + 824



20
50
100
200
300
450

10
50
100
200
300
500
2 x
10

10
50
100
200
300
500

10

TABLE 3
DYNAMIC BEARING REACTION FOR

BI/B = 75 H2 = 0.5

A= 8.4
I PydX
Q
.13373
.21003
.27600
.26248
.18121
.12761

A= 42

.005975
057536
.11984
.020667
.031105
.26865
.37916
.079279
045201

A = 100

.05897
.28043
47831
47977
. 13904
-.12737

- 50 -

1
fo P dX
1.1836
1,269
1.4097
1.5930
1.6590
1.6887

1.5018
1.5144
1.6844
1.7192
1,5013
1.5269
1.8392
2,0095
2,0296

1.0295
1.1019
1.3014
1,7884
1.9829
1.5789



TABLE .4

DYNAMIC BEARING REACTION FOR

B,/B = .75 H, = 0.75
A= 8.4
1 1
fl
(o) K PIdX vr PRdx
[a] o]

10 .15200 .55179
50 ' .16382 : .78737
100 .15032 . .B4853
200 .14273 .92439
300 .12283 .96835
500 08910 1,0045

A = 42
1 .009264 61777
10 .090506 ' .63251
50 27479 ' .86727
100 L17722 1.0606
200 .052296 1,0238
300 .10195 .99666
500 .15700 | 1.0797

A = 100
1 _ .004522 ' .46999
10 | .045139 47216
50 ' .21611 .52320
100 .37708 o .66548
200 42895 ‘ 1.0325
300 .22267 11,2315
500 | -.036699 . 1.0725

- 51 -



TABLE 5
DYNAMIC BEARING REACTION FOR

BllB =05 H, = 0,5

2
A= 8.4
1 !

o JD PIdx .J . PRdX
i . 04398 : .9242
10 . 40067 1.0473
50 65604 1.9523
100 34743 2,2234
200 .17872 2,2381
300 14173 2,2543
500 .10469 2.2785
800 07845 2,2960

A = 862
1 .00519 2.3313
10 .05146 2,3349
50 .22100 2,3947
100 .38003 2,4791
200 .66419 2,7731
300 .65252 3.1907
500 22427 3,3674

A = 100
1 .00727 1.9138
10 .07261 1.9170
50 . 34848 1.9943
100 61342 2.2089
200 .73899 2.7584
300 49508 3,0561
500 .29231 2.8927
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=323 in
rn=2.98 in

8=0.00! in (step) |
w=1740 rad/sec

, Wo . -
L ge%eo08
prgessure p,=p,=315 psia
-_,A A=8.30076

8,=10.9°
' 9L= 5-32°

]

L

View B-B

View A-A
'Fig! The geometry of a shrouded, Rayleigh-step

thrust bearing



Fig2 Flow bolance around a typical
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grid point
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Fig 3 Pressure distribution for he~Lipg,Hue= 0.5
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Fig. 4 Pressure distribution for h=Lips.Hsx =0.5
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r=(f-n)/(k—n)
1.010 1

1.008¢

1.006

1.004

1.002 |

1.00

0= (9, — 0 )/ (61~6y)

Fig. 5 Pressure distribution for h=-1.ips. Hps .
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Fig. 6 Pressure distribution for h=Lips Hawe!
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H,=0.5
m=0.2 slug.
@&f=1984 rad/sec
Q=0.076
Q=0.0304
‘\ Q=0.0152
0.8 10 12— =20 @
]
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o2} 1Y
At.l , // |
0.3} \ Komom
! linearized
prediction
o4t \ ’
051 “

Figll Nonlinear response for HE05, m=0.2 slug



- 64 -

~ «#=887.4 rad/sec

Q0076
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\
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Fig.l2 Nonlinear response for Hs0.5, m=1slug
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Fig.!3 Nonlinear response for H=0.75, m=0.25|ug'
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Fig.t4 Nondinear response for Ho=0.75, m=1slug
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Fig!5 Nonlinear response for
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W'=1984 rod/sec

Ad| \ Linearized
0.4+ g Prediction

Fig. 16 Nonlinear response for Ho*0.5
m=0.25 slug C,=038 Ib§/ips
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Fig.I7 Comparison of the approximate andexact upward amplitudes
of response |
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Fig 18 Comparison of the approximate and exact downward amplitude

of response
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Fig.19 Phase plot with second harmonics
w=0507



Fig.20 Phase plot with third harmonics
@=0.338
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Fig.2l Phase plot with forth harmonics
w=0.248
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Fig22 Phase plot with 2nd order
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w=2.096
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Fig.23 Phase plot with limiting cycle of
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Fig.24 Phase plot with limiting cycle
of small amplitude
w=0.745
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Fig25 Phase plot at natural frequency
w=.0
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Fig.26 Flow balance and geometry of a infinitely
wide Rayleigh step pad
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Fig.28 Real pressure profile tor £=42, H,=05,
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PROGRAM RSEALIINPUT sUUTPUT s TAPES=INPUTsTAPES=0UTPUT)
RAYTH
DIMENSLON UDR(1719DTHI33) +rtMINA{LO) s RPSALIOI »PAACLO s VISA(LIO) »THI
1Y sROLTISFRCALITIAHE LT o33 ) s AL (L T933) A2 LTs33)9A3(LT93312A4017933)
2 AS(17933)19A601T+33)sAB(1T933 el 17)sCILTYsALLIT933)sF{17)sUSMALL
3171 aE (1 Tel 7933 s0G(179331s0Q117933) 3P (1793310017433 )sQQQ(33),
GPPOLTHsHOUT (10 HDOTLL10)
1 FORMAT{T72H
1 1
2 FORMAT{1615)
3 FCRMAT(8F10.7)
+0-MAT (+5+5X+TE 104/ (8EL1OCLHDD
& FORMAT(OX s4HLAST 96X s 4HNPAD»9X s LidMs 9X» 1HNs8Xs Z2HiHs8X» ZHIH» T2
1 3HIHHs7X» 3HoHrs /)
& FORMAT{(8I10s/)
7 FORMAT{4Xs GHLEKOUNT 25X SHNULADG6X 4HIRRGs O6X»4HNPREs /)
8 FORMAT(/55H QLTSIDE DIAMETLROINCHES)
142125/
9 FORMAT(55H INSIDE DIAMETER{INCHES)
1 £12s5/1 . - .
13 FUORMAT(95H THE ANGLE EXTENWING Tht POCKET REGLlONtUEG.
1 E12«57)
11 FORMAT(55H THE ANGLE EXTENUING THE LAND REOIUN(DEGS)
1l E125/7)
12 FORMAT(55H S5TiP DEPTHUINCHES)
1 E12+45/) ' :
13 FU-MAT{55+ OQUTE~ WiDTH QOF THE SH=-0JLRUINCHES)
+12+5/0
14 FORMAT({55H INMER WIDTH QF THE SH=-QUDUINCHES)
1 E12.5/)
15 FORMAT{55H COMYVERGENCE ERROR
1 E12+%/)
16 FURMAT(54H GRID SPACINGS IN THE RADIAL UDIRCCTIONCINCHES)
17 FORMAT(54H GRID SPACINGS IN TrHt CIROUMFERENTIAL DIRECTION(LEG)
18 FURMAT(59H MINIMUM FILM THICKNES> (INLHES)
1 E12«%/)
19 FORMATI(38H REVOLUTIONS PER 5StCOND
1 E12+57) '
20 O-—1TIl1lH » E.L245}
2 -+25 —-EO0-5++
1 E12.5/)
22 FORMAT(55H VIHCOSITY({LB-SEC/+NH$2)
1 E1245/1)
23 FORMAT(YSH LAMDA(6.#*VIS5642B8bRFPI (RU/RMINIFRI/PA)
1 E12C5/0 S
24 FUORMATI(12H Ru.I1eTH{J] o
25 FO-MAT[é5H HL H-sHLHsHRHsHTH»HBH 1
2 —— 1TULS+ ALU+TJDTETC o
27 FO-MATIL4B+ F{--)4BU+DsCT+DTALFTI=11 AT sl sAl+s++]1) s LOX» i
1 2I5210Xs2HU=015)
28 EORMAT!( 25H MATRIX IS SINGULAR AT J= [3sloHsCASE ABANUONEU ./ L: .
29 FORMATU{29HUFINAL PRESSURE RISTRIBUTION. 741
30 FORMATI( //18H CASE CLONVERGES TO F9400
1 . 14H AFTER 13411H 1TER

ORIGINAL PAGE IS
OF POOR QUALITY
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10NMSY

31 FORMAT( / 10(1XsFLlle7))

33 FORMAT{59H FILM THICKNESS AT Q«D (INCHES)
1 E125/) '

34 FORMAT({/55H TOTAL LOAD(LBS)

T 14E12e5/)

35 FORMAT(95H DIMENSIUNLESS LOAD=LOAD/ (AREA%FPA)
1 El2e5/)

36 FORMAT{55H HORSEFOWE- LOS3S
1 E12«5/91H1}
37 FORMAT(55H STATIC SQUEEZE FILM VELO C(INFSEQ)
1 EYZ2e5/)
28 EORMAT (15+5Xs(BELJaG))
3 +0-MATUSS+ D+MENS+-NLESS STAT+C F+LM VELQC+HTY w+TH HO=STEP DEPTH
1 E12.5/)
NR=5
NW=6
READI(NR 1)}
90 READ(NR-2;LASTgNPAU.M.N.LH.JH.iHH-JHH,LKUUNT,NDIAG,IRNG.NPRE YRS Y M
1sND1
READ(NR,3)DO.DI,THG.THL.SIEPD,NU»NI,ERROR
NN=N-1
MM=M=—1
WRITE (NWsl)
IF{IRRG«NE-LICQ TO 91
READ(NRs 3} {DR{L1) s I=1sMM)
READ(NR 31 ({DTH {1 s Jd=1sNN)
WRITE(NWs 16
WRITE{NWs20)(DRITI}s1=lsMM)
WRITE (NWs17)
WRETE(NwaZO}(DTH(J11J=1sNN!
TWD={(DO-DI1 #0042
IF(NSYMeEQel) TWD=TWD*Q.5
TLG=THG+THL
DO TOU I=1sMM
T00 DR{IV=DR(IY#TwWD
DU 701 J=1sNN _
701 DTH(JI=DTH(J Y ®TLG
GO TO 95
91 FMM=M-1
FNN=MN-1
IHH1=1HH~1
AIHH1I=1HH=-1H
BIiHl1=M=[HH
JH1=IH=-1
AIH1=1H1
IFINSYMeEQel) G2 TO 710
IFIIH +EQe 1) G3 Tu 709
DO 92 1=Llsit.
92 DRI11=WI/ALIHL
"709 DO 97 1=IH»IHHL
97 DRETI={(DO= 1%y B=W1=WQ) /ALHAL
GO TO T2¢
710 FIHH1=IHHL

54



711
720
98

93

99
95

TEMP= ({DO=DI ) #0425 WOIIFIHHI
DO 711 1=1lsIHH]L
DR{1)=TEMP
DO 98 I=1HHMM
DRIT)=WO/BIHL
JHH1=JHH=1
AJHH1=JHH1
BJH=N- JHH
DO 93 J=1,JHH]
DTH{J)=THG/AJHHL
DO 99 J=JHHsNN
DTHIEJY=THL/BJH

CONTINUE®

READ (NRs&4) NVILMs{VISA(L}s[=1sNVISEM)
READINR»&INRPEM {RFSA{T) s I=1sNRPSM)
READ{NR s 4 )INPAM, (PAALLI 13 I=192NPAM)
READ(NR» 4 )NHMY 4 { HMINATT) » 1 =1 s NHMM)

CWRITE INPUT DATA

T30

731

96

READ (NR»3) C(HOUT (1) sI=1sNHMM)
READ (NRs&4} NHUTM» (HDOT{I)s1=1sNHDTM)
WRITE(NW»5)

WRITE{NWs6)ILASTyNPADsM N IHs JHs IHH» JHH
WRITE(NWsT)
WRITt{NWvblLKUUNT-NUIAGgIRRb NPRE
WRITE(NW»8)DO

WRITE(NWsZIDI

WRITE(NWs 10} THG

WRITE(NWs11) THL

WRITE(NWs12)STEPD

WRITE(NWs13)WO

WRITE(NWsI&)W!

WRITE (NWs15)ERROR

IF(NDIAG)IT31 4731730

WRITE{NW.16)
WRITE(NWsZ2O0)(DR(I)2I=19MM)
WRITE(NWS17)
WRITE(NW 201 {DTHIJ) o JET 4NN)
CONTINUE

DO 1000 NVIS=1,NVISM

VIS=VISAINVIS)

DO 1000 NRPS=1,NRPSM

RPS=RPSA{NRPS)

pO 1000 NPA=1,NPAM

PA=PAA (NPA)

DO 96 1=1sM

DO 96 J=1N

QlIsd)=1la

DO 1000 N+DT31TN+DTM

DO 1000 NHESLlsNHMM

HMIN=HMINA{ NHM}
CONE=HOUT{ NHM) /HMIN

CONEL1=CONE~1.

WRITE (NWs33) HOUTINHM)

WRITE(NWs1B)HMIN

- 91 -



WRITE(NWs19}IRPS
WRITE(NWsZ1)PA
WRITE(NWs22)VIS
Q—+TE UNOT3 L +LOTUN+DTD
PI=3.1416
RU=DO/ 2.0
RI=DI/2.
PLAMEG (H Y SHRPSH24#P [ ¥ ({RO/HMINI*¥#241/PA
CHDOT=HLOT(NHDT )/ (2« *P 1 #RPS*HMIN) '
CADT=HDOT (NHOT ) /{2 #P I #RPS*STEPD)
WRITE(NWs39) CHDT
STEP=STEPD/HMIN
WRITE(NWs23)PLAM
STEPH=STEP#Q,.5
CC=0a01745329
C GENERATE COOKRDINATES
TH{1)=0.
NN=N-1
DO 100 J=1sNN
100 THUJ+Ly=TH{J ) +DITHLJY*CC
R{(1)=DI/DO
MM=M~-1
DO 105 T1=1sMM
105 RUI+1)=R{II+DR{1) /RO
DIDO=DT1/DO
QDIDO=1.-DIDO
LE=1
Ke=1
ADMY =1,
109 DO 107 J=1sN
107 HIL&EsJY=ADMY
IF (KB.EQe2} GO TO 108
LE=M
k8=2
ADMY=CONE
GO TO 109
108 DO 106 1=2,MM
RS9=R{ 1}
DO 106 J=1sN
106 H(T s )=1a+CONETI#((RSG-DIVOI/ODIDG ) H%2
IFINDTAGY 1145114,110
110 WRITE(NWZ4)
WRITE{NWS20){R{T)s1=1 M)
WRITE(NW 201 (TH(J) yJd=14M)
C  GENERATE Al(IsJ) TO A61I1yJ)
po 112 I=1a M
112 WRITE {Nw,20) THIT»J)yu=1eN)
114 DO 140 J=2 4NN
DZYI=TH{(J+13=TH{JI-1)
DZ2=24,2D21
DL3=D22#{TH{J ~TH{J=11))
DL3=1,/DZ3
DLA=Y /DZ2R(THIJ+ 1) ~-TH{JI )
DO 140 I=1,MM



el

HL=H{I+J-1)
HR=HI{TsJ+1)
HLH={H{ I+ J-1)1+H{L+J})1#*#0,5
HRH=(H( Lo J+1)+H (121 ) %0, 5
HTH=(H{I+1sJ)+HIT»J) 12045
HTEMP=H{I~14+J) .
IFLI«EQe1lYHTEMP=H{T+J)
HBH=(HTEMP +H{L s} I %045
+FlJ=~JHH) 1114120,230
POINTS AT THE LEFT SIDE OF THE STEP
11} IF(I-1H) 130»,115+116
POINTS ON THE BOTTOM EDGE
115 IFINSYM +EQe 1) GO TQ 116
735 HL=HL+STEPH
HR=HR+STEPH
HLH=HLH+STEPH
HRH=HRH+STEPH
JF(TEQeIHIHTH=HTH+STEP
[F{leEQe IHHIHBH=HBH+STEP
GO TO 130
116 IF(I-TIHH)Y 117+735+130
POINTS IN THE POCKET
117 HL=HL+STEP
HR=HR+5TEP
HLH=HLH+STEFP
HRH=HRH+STEP
HTH=HTH+STEP
HBH=HBH+S5TEP
GO TO 130
120 [F(+=1H) 130,125,126
BOTTOM OR TOP CORNER
125 HU=HL+STEPH
HLH=HLH+STEPH
IF{I«EQeIH) HTH=HTH+STEPH
IF{IEQesIHH} HBH=HBH+5TEPH
GO TO 130
126 IF{I-THH) 127+125,130
POINTS ALONG THE VERTICAL EDGE
127 HL=HL+STEP
HLH=HLH+STEP
HTH=HTH+STERH
HBH=HBH+STEPH
GC TO 130
130 IFI{NDIAG) 132,132,131
131 WRITE(NWs25)
WRITE{NWs20)HL sHRsHLHsHRHsHTHsHBH
GENERATE Al{IsJ)»ETC
132 RTEM=R({I-1)
DRT=DR(I-1)
IF(I+EQ«1I1DRT=DR( I}
IF(I«EQel)RTEM=RI(])
TEMPl=PLAM#R{1) /D22

TEMP2= 140 /7 (440%(DRUI)+DRT °

AlLtT o« J)=TEMP1#HL

) 7RO}



133

140

141

142
143

725
726

150

151

152
155

AL T+ J)=TEMP1#HR

A3 s JI=DZIARHLHX®3/R (1)

AUlT s J)=DZ4#¥HRH*#3/R{])

AD( I s J)=TEMP2#HEBH®**3/(DRT /RO} ®#(R(I)Y+RTEM )

ALy J)=TEMPZ*HTH*%3/(DR(])/R0O) #IR{I)+ROI+1 1)

ABLT o J)=2PLAMMR ([ ) #CHDOT

IFINDIAG) 14041404133

WRITE{NWsZ26) .
WRITE(NW;ZO)AI(I’J!’AE{IvJ)vA3(IvJ)’AQ(IvJ)9A5fI!J)lA6|11J) ’

1 AB(T.0)

CONTINUE

KOUNT=1

DO 143 I=1+M

Gils»li=z0.

DU 142 K=1sM

EtlsKs1l)=0a

CONTINUE

DO 370 J=1laN

DO 310 I=1+M

IF{JeEQelsURe JeEQaN) GO Tu 210
IF0 T LEGQe 1) GO TO 725

FFC I «EQe M) GO TO 210

GO TO 726

IFINSYM oNEal}t GO TO 210
SAP=5QRT(ABStQIT+I+1)))
SUM=SQRT(ABS(G{ T+ -1 )
SUQ=SQRT{ABS(W(LaJd) )
BII)=A3(EsJ)+AT(1+J)}/(2,0%50M)
ClIY=A4(T»d)-22{(] ) /7(2.,0%50P)
ASUM=AZ (L s ) +AG 1T s J)+AS{ ] s J)1+AG(1sd)
FII)=A3 T+ J)RG{ T+ =-104A1(]sJ) #50M
QTT=Q11~-1+J)

IF{T #2EQe 1 «ANDe NSYM LEQe 1) GTT=Q(I+1sd)

FUII=F{I)+AS L] y ) %0TT —ASUMRG LT s J)+AG T »d) %W I+l s J ) +AG 1 sd) #*y
LETad+11-A2 (1) %5QP-AB(T+J) %500
FOIy=-F{1])

DO 150 K=1+M

AlT»K)=04,u

TF{KeEQai) A{],K)=~ASUM=~AB*0.5/5QQ
ASGTT=A6(] +J) -

+F{+ oEQe 1 «HNDe NSYM LEQs 1} ALGTT=A6 (I sJI+A5{] s J)
+FIKeEQe++21 )AL sK)I=AGTT
IF(KeEQal-T1AC1sK)I=AS(1,4J)
CUNTINUE

[F{JeNE«JHH) GO TO 3205
IFCI«EQeIHeORuI«EQ.IHH}) GO TU 191
IF(IeGTelHsAND Gl aLToIHH) GO TO 152

6U TO 305
DMSP=STEP*0 .45

60 10 156 ORIGINAL PAGE I8
DMSP=STEP OF POOR QUALITY

SUQ=S5QRT{ABS(3(I+J1))
TEMP=AL(IsJ)%DMSP/(H(]4J=1)+UM5P)
Fll)=s  FL1)-TEMP#5Q0
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ACT»IY=A(1s 1 )+TEMP#0,5/5Q0Q
305 IF(NDIAG) 310310306
306 WRITE(NWsZT)11sJ
WHITE(NW;2OiF(I)sB(IiiC(Il9Ai1|[‘1}|A(I’I)oA(l’l*l)
GG TO 310
210 B(I1=0.
C‘l)zoo
FI{l1)=0.
DO 211 K=zlsM
Al{l+»K)=0,
TFITeEQaKIAlITsK)=1,
211 CONTINUE
GO TO 305
310 CUNTINUE
DO 320 I=1eM
DO 320 K=1lsM
320 QSMALTyKI=A(IWKI+BLIIHE (] sKyJ)
CALL MATINV(QSMA:MaBB:U.DET;ID)
GO TO (340+3301.1D
340 DO 360 I=1sM
G{Tlsd+1li=u,
DO 360 K=ls+M
Gilad+1)=G I s+ 11 +QASMA(T»KIHIF(K)I-BIK}I*G{KeJ))
E{TsKaJH+1 )1 =~QEMALTsK)%C(K])
360 CONTINUE ’
370 CONTINUE
DMA=04
DO 380 I=1sM
DMA=AMAXT [DMA ABSIGLITI«N+1) )
380 DWITsN)I=GIIN+1) :
DO 400 JJ=2sN
JEN+Z2—UJJ
DC 4D0 1l=1aM
DUM=0,
DO 3 0 K=1sM
390 DUMSDUMAE ([ 2sKa 1 ®DR(K s )
DUM=DUM+G (I s -
OMA=AMAX1 (DMALABS(DUMD Y
400 DU I+ J=-11=DUN
DO 401 I=1sM
DO 401 J=1sN
401 QIT sy =Gl »d)+DQ(]sJ)
+F IND+AG) 405,405 w402 v ' s e
402 DO 403 JslsN
403 WRITEI(NWLZ20M(DQIIsd)sI=] M)
DO 404 J=1+N
404 WRITE(NWS 203 (Q¢Isdlal=14M)
405 CONTINUE
GO TQ 564
330 WRITE(NWs281)J
GG TO 1000
560 KUUNT=KOUNT+1
IFIKOUNT «GELLKOQUNT) GO TO 561
[FI{DMALGTLERRDORY GO TO 141



561

576

580

581

800
585

589

591
592

593

594

600

605

WRITE(NWs30)ERROR s KOUNT
ITFINPRE«EQal) WRITE{NW,29]

DO 576 J=1aN

DO 5876 L=1wM
PlIsJ)=SQRTIABS(GQIT U ))

CONTINUE

DO 585 I=1+M
IFINPRESEQIIWRITE(NW3Y)IP(1sd)ed=12N)
DO 580 J=14N

QUGQIJIYI=P{lsJ)-1l.

NMN=N~1

PP(LTI}=0s

DO 581 J=1sNN
PP(II—PP(I)+DTH(J)*(QQQ(J)+UUU(J+1)I*Oob
PPUI)Y=R(I)*CC*PRLT)
IFINDL1585+585.800
WRITE{NW,Z1IPP (1)

CONT INUE

FPAD=NPAD

MM=M=1

WLOAD=G s

DO 589 [=1s+MM
WLOAD=WLOAD+DRUII#(PPII)+PPL1+1) ) *0e5
WLOAD=WLOAD®RCH#PARFPAD
IFINSYMaEQa1}wOAD=2 40%#WLOAD
WOAR=WLOAD/ (3.1416# (RO##2-RI*HZ1EPAY
[FINSYMsEQe1 I WBAR=2 . ¥WBAR

DO 600 I=1sM

IFlletQelrleORe1«GTe IH) GO 10 593
FRC(I)=0.

NN=N-1

DU 592 J=1sNN
FRCUCD)=FRC{TII+DTALJ)/H{Tsd)
FRCUI)=sFRCCT I #CCRR{[ 1#%3

GO TO 600

[F {1aGT«1HH) GQ TO 591

FRC{T)=0,

NN=N-1

DU 594 J=1,NN

IFCJalEe JHHITEMP=140/7{H( 1+ JY+STEP)
FRCULI=FRC(OII+DTHIJIHTEMP
FRCUTY=FRCUL 1 #CCRR(T 1453

CONTINUE

MM=M-1

HPOW=0,

DO 605 1=1sMM
HPOW=HPOW+FRC({ ) *DR{ 1)
HPOW=HPOW#V ]S5#6, 283 2#¥Rpsr-O##3
HPOW=HPOW*FPAD®RPS*6 04 /6300040
HPOW=HPOW/HMIN

IFINSYMeEJel) HPOW=2,0#4POW
WRITE(NWs 34} WLOAD

WRITE(NWs35)1wW3AR
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1000

1001

10
15
20
30

40
45

60

160
105

260
270

130
140
150
160
170
200

- 97 -

WRITE(NWs361HPGOW
CONT INUE
TF(LAST)IG9U»90,,1001
5TGP

END

SUB-OUT+NE MATINVUATN1,BTMLI,DETE- »I1D)
MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS
NOVEMBER 1962 $ GOOD DAVIO TAYLOR MOUEL BASIN AM MATIL

DIMENSION A(174517)4B{17+11sINDEXLLT7+3)
GENMERAL FORM OF DIMENSIQN STATEMENT

EGUIVALENCE (IROWsJROW), {(ICOLU #JCOLU 1 (AMAXKs T SWAP)

INITIALIZATIOM

M=M 1

N=N1

DETER =1.0

DO 20 J=1sN
INDEX(Js3) = O
DS 550 I=1sN

SEARCH FQOR PIWOT ELEMENT

AMAX=0,4

DO 105 J=1sN
IFUINDEX{Ja3 -1
DO 100 K=1lsN

+F UINDEX(Ko3)1--1) Ca
IF | AMAX —AB>
+-=0W3J
+C0LY =K
AMAX=ABS
CUNTINJUE
CUNTINUE
INDEX(+C0LU s3) =
INDEA(T+1)=1RIW
INDEX{TIs2)=1CoLY

£3s 105y 60
100y 710

LACIsK))) 859 10U

UALJsK)})

INDEX(+CQL U v3) +1

INTERCHANGE RUWS TO PUT PIVOT ZLEMENT JUN DIAGUNAL

IF (IROW=-ICGLY ¥ 140 140
DETER =-DETER

DO 200 v=1sN
SWAP=ATIROWL }
AUIROWs L) =ACICOLY
AUICOLY sL)=SWAP

+F (M) 310s 310,

310

sL 1}

€10 ORIGINAL PAGE I3

OF POOR QUALITY

MAT 10002
MAT10003
MATLQOCH

MATiCOUS
MATLQO0CY
MAa Y 10009

MaT1g0l2
MATLOQL3
MAT1IC0Ll4
MAT L0015
MATL0O16

MATiQOLB
MAT 004y
Mal L0040
MAT 10021
MALLQOZ2
MATLIQ0Z3
mAT 1004
MAT LUULD
AT 10026
e Ti00L7
siel 202 o

MAT L3030
MAT 10033
MATL0034
MAT 10036
sGT _E_.{} nEg

et 1Y a9

S Lgaeg

mal O3
REREY -3



210
220
230
25C

310

230
340
350
1355
360
370

380
390
400
420

430
- 450
455
460
500
55¢

600
610
620
630
640
650
660
670
700
705
710

T20
7320

740
71%

DO 250 L=1ls M
SWAP=B(+-0WsL)
B(IROWsL}=B{1COLU sL)
B(ICOLU »L1=SWAP

DIV+DE PIVOT ROW 8Y PIVOT ELEMENT

PIVOT =2A(ICOLY »ICOLYU )}
DETER=DETER#*PLVOT

A{+COLY »+COLL 1=1.0

DO 350 +L=1sN

A{ICOLY sLI=ACICOLYU LY /PIVOT
+F (M) 380, 38C, 360

DO 370 wL=1lsM

B{ICOLU »L)=B{ICOLY sL)/PIVOT

~EDUCE NON-PIVOT -UW5S

DO 550 L1l=14sN

FFALI-TICOLY 3 400 55U, 400
T=A(L1.1COLYU

ACLL+ICOLU 1=0,0
IFLTYG305504430

DO 450 w=1sN
ACLYsL1=A{LLL)-ALICOLY »L ) %T
IF{M) 5504 250, 46C

CO 500 w=1laM
BIL1sL}=BIL1sL)-B{ICOLY sL)#T
CONTINUE

INTERCHANGE COLUMNS

D0 T10 I=1sN
L=N+1-1

IF CINDEX(Lsl —iNDZX{Ls2)) 6309

JROWS=INDEX (L s L)

JCOLU =1INDEX(1s2)

DO 705 K=1sN
SWAP=A[Ks JROW)

ALK» JROW)I=A(K W+ JCOLY )
ACKsJCOLU ) =5Y4AD
CONTINUE

CONT INUE

DU 730 K = 1s0
IFCINDEXtK3) ~1) 7154720471y
CONTINUE

CONTINUE

ib=1

—-ETU-N

10 =2

GO TO 740

END

710>

630

MAT10C48
MATL1CC49

MATLQ0O52
MAT:QOCO
MAT10053

MATLCQ057

MATLQQ59
MAT1C06Q

MAT1006¢
MATL10063
MAT 10064
MATIO0065

MAT10069

MATIDOT1
MAT L0072

MATLI0Q74
MAT 10075
MAT 10076
MAT 1O0QTT
MAT L0078
MATLOOQTS
MATLQOBO
MATL10081

MAT100B3
MAT 10084

MATiQOB7
MAT100B8
MAT1008¢%
MAT1QQO90
MATL10093
7aT 10094

MAT L0096
MAT10091
MAT 10092
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Format (72 H)

Identification Card

Card 2

Last

NFPAD

IH

IHH

LKOUNT

NDIAG

IRRG

NFRE

NYSM

Format (1615)

t

Integer to determine whether additional input data
are to be read
Last = 1 , no more input data

Last = 0 , more input data to be read from state-
ment 90.

Number of pads (see Fig.A2)
Number of grida in the radial directiom
Number of grids in the circumferemtial directicn

Grid number for the bottom edge of the step (see Fig, A2)
For NSYM=1, set IH-1

Grid number for the top edge of the step (see Fig. A2)
Set JH=] ' ' |
Grid number for the left edge of the step

Maximum number of iterations éllowed for the pressure
calculation (recommended value: 10-20)

Control for diagnostics

NDIAG = 1 , diagnostics print out

NDIAG = 0 , no diagnostics

Control for irregular grids |

IRRG = 1‘7', ieadriﬁ.ir;egulaf éfidfspacings o
IRRG = 0 , uniform grid spacing

Control for printing out pressure profile

NPRE = 1 s print out pressure

NPRE = 0 , no pressure print out

This integer is used to control wheﬁher pressure

calculation is made for a full pad or half a pad as
in the case where the pressure is symetrical about
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the center line (see Fig.A2).

NYSM = 0 , For calculation covering full pad

NYSM = 1 , For symmetrical preassure profiles where
where calculation is only made for half a pad.

ND1 - Set ND1 « 0 , for normal runs.
Card 3 Format (8F10.7)
DO - Outside diameter of thrust brg.,

d_ in Fig.Al (in.)

DI - d; in Fig.Al (4in.)

THG - Angle extending the pocket region, Gg in Fig.A2, (degrees)
THL - Angle extending the land region, 6, in Fig.A2, (degrees)
STEPD - Depth of the step (in.)

wo - Quterwidth of the shreud, W, in Fig.A2, (in.)

Wi - Innerwidth of the shroud, W, in Fig.A2 (in.)

ERROR - Convergence factor for pressure iteration.

(recommended value: .001 - ,0002)

Card 4 Format (8F 10.,7)
T card i3 required 1y when IRRG = 1

DR(I), I = 1, MM - Dimensionless irregular gird spacings in the radial
direction, (MM - M-1)

(Ar)
ie
DR(I) =
: (ro T Ty
ig.Al
Fig.A ot
r - r
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Card 5 Format (8F 10.7)

T card 18 required o en IRRG = 1

DTH(J), J = 1, NN - Dimensionless grid spacings in the circumferential
direction. (NN = N-1)

(ag)
DTH{J) =
ot &
Card 6 Format (X5, 5X, 7E 10.3)
NVISM - Total number of viscosities to be investigated in the

production run,
VISA(T), I = 1, NVISM

The arrary of viscosities, (lb-sec/in?)

Card 7 Format (IS, 5X, 7E 10.3)

NRPSM - Total number of angular speeds to be investigated in
the production run.

RPSA(I), I - 1, NRPSM
The array of angular speeds, (Rev. per sec.)
Card 8 Format {I5, 5X, 7E 10.3)

NPAM - Total number of ambient pressure to be investigated
in the preduction rTun.

PAACI), T = 1, NPAM

The arrary of ambient pressure, (PSI)
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Caxd 9 Format (IS5, 5K, 7E 10.3)

This card reads in the film thickness to be investigated in the
production run. In the case of a parallel film, the film thickness

in the land region will be read in the array designated as HMINA(I).

In the case of non-parallel film with an axisymmetric coning of dishirg,
HMINA (I) represents the film thickness at the inside diameter in the
land region. The film thickness at the outside diameter is HOUT(I)

which read in Card 10,

| Eém[r ‘__él‘__-. !
* !

The variables to be read in this card are:

NHMM - Total number of film thickness to be investigated in
the productien run.

HMINACE), I = 1, NAMM

HMINA ig the film thickness at the inside diameter in
the land region (inch)

Card

10 Format (8F 10.7)
HOUT(L), i = 1, NHMM

- HOUT is the film thickness at the outside diameter in
the land region. (inch)

Card 11 Format (I5, 5X, 7E 10.4/(8E10.4)
NHDTM - Total number of velocity or time variation of gas
film thickness to be investigated in the production runm.
HDOT(I) - Array of velocity or time variation of gas film thickness

in in./sec.
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PROGRAM RSGALN(INPUT,OUTPUT)

DIMENSION WN(301s GN{T)s AG{91sAQG(Y) o _ N
D+MENS+ON AHA(100D» FlA(100)s F2A(100)s F3A(100)s F4ALL00)s FI1i9)
DIMENSION F5A{100)s FO6A(100)sFTAL100), FBALL00)s FPAL100)

THE TABLES ARE PREPARED IN THE FOLLUWINGL ORUDER THAT (FJAUL)sJ=199)
= ( DI*1ls U2#11As D1%[Gy UZ%[4As —U2#]11AQs =UZ¥L4AUs D2*I5/HURR2.D
» DIISA/HOR®2,5, -D2*#J5A0/HO%%¥2,5 ). : )

DATA F1lA(Ll)/0a/oF2A101)1/7e8B54/2F3A(1)/3410416/2F4A(LY/0a/
DATAIFLALT ) »1=2460)/7 T7,8555281E~02» 1e5720341E-01ly 243603750E-01»

AV IAIE A S I R R oW,

(AR SN o8 )

341515123E=01»
5e3631146E-014
GeBFTBLIIE-01
1.3224715E+0D0,
1a70227T91E4+00
2e1185609E+0U0

2 611E+GOY
310 Z2T4BE+CQ
3.7166T766E4+(0
Gaol?2 SZUEE4CQ,
5aZ2B8lU529E+( 0
63174203E+C 0
Te6044175E+CQy
Fe23868TLE+LD

1el367114E+01
led222038BE+01,
1a8189023E+01 >
2e3946T0TE+0OL
342781965E+01,
be TIBDZ298E+01,
Te&b1901L5TEF(O1
le31l HQU0E+02,
2e9655699TE+DZ
1183296QE+03T7

Te92849F5E+00,
Bel556360E+00,
BeH464976E+100
FelZOTZ30E+00
Qe F0BIBALA3E+IC
1.095303TE+D1y
1e2316453E+01
1C408% SE+Q1s
1e6385407E+D1)
1e9393524E+21
2¢337T2563E+01
2e8T15949TE+D1
36602 365E+2]1
H«6282353E+01

6+1080856E+51
8e¢3218T37E+01
lel78412TE+DZ

3.9463912E-U1>
741826801E~U1>
1lsUS58636E+V0,
le@l45448E+00,
1.8025243E+00,
2e2296146E400
2C707 o4 E+O00T7
3,2027020E+400
3C B387 1E+UQ»
4CHZTBE0ZE+VUY
5.5206483E+00>
6e6125372E+00
TaFT5T465E+00
9aT172183E+00

DATAUF1AU+) s1=614100)/

14.2001018E+01
1,5089573E+U1ls
1e942430 E+Ul
2e5T95465E+U 1
3¢5736462TE+01
De25394T75c4+01y
Bs40633212E401
1.57010 5E+04,
3.871653 E+02»
241G18302E+03,

Ta9T0673TE+UO
8423739228400
846718859E+00 >
Fe2961871E+00
1eU1433 BE+UL
1.1261104E+01 >
le2716640E+0U1,
1C4605207E+01
1a7062493E+Ul
2.0284712E+01
2.4561200E+U1>»
3+0329068BE+01Ly
3.8268150E+U1
4o 9ET2941E+UL

DATALFZA(I)+1=61T100)7

H.5TT7T9435E+01
FellG23IHTEHUL
1e2945616004+U2

447459680E-0Ly

8.,01094121E~01s

1e41432584E+0U,

1,5084415E+00, "~

1.9052031E+00y

<e3438529E+00y

2CB3T1B3ILE400,
344014964E+00,
4CO580843E+00y
4e 354321E+00s
5 7725837E+0Q

6292444 TEE+QU

Be3T04491E+0OU
1,0229187E+01»

1426B4396E+01»
1.6033412E+0Q01
LeUT8B3ILHBOE+OLY
Lo fB59629E+01»
34909628 TE+Q Ly
D4bLTLOYLEFD LS

Feb6FL0B26E+01s

LeBYILIOLE+DL
DelBHOTHLGE+DL S
4o T2459THE+Q 3y

BaQ224795E+00Q
Ba3295914E+0CH
B«8090839E+00s
Fe«4B855135E+000
140395223E+01»
1415901 52E+01y
1e3143699E+01Ly
1C51597T6E+Qly
le 7T7B6946E+QLy
2e)1260995E+01y
Le0B841910E+01>
342076405E+01»
44CT07613E+01
De29T59B0E+OL

T098637T9E+0 Ly
«B8500418E+OL
lealbdlesE+0ly

55512133€£-~01>»
88489560E-0Q1»
1,2320861E+00,

1e5043034E+00,

2.0104879E+00 s
204614919E+00
2+ TOBT45E+00,
3.536023TE+00
4e23 TBTGE+00
540929163E+00

6+0378224E+00
7+25455TOE+00
84T7906429E+00s
1.0777908E+0L/

1e3G22673E+01
le7062939E+01
2e24B420BE+Q1
340174285E+01
4e2946530E+01
6a509246ZE4+01
1el243492E4+02
2e344215TE+02
Ta2TBBI9TEE+Q2Z
1e887838B1E+04/

DATA(FZA{1)s1=2+60)/ 7,8586215E+00s 7.B725501E+00s 7+BISBZ3FE+00

BeOB4OT12E+00Q
Be4325193E+00s’
849585338E+00
Fe6893451E+00
10664 7T72E+01
1el94146T76+01s
143599453E+01
16375241 E+Q1s
1.8562586E+01
24226B170E+01
2eT223422E+01
3.3971315E+01s"
4e3370409E+01s
5+6B830339E+01/

7167?202§t+01'
LeO/F385%68BE+( s
le2ffBGBGE~ L
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1la7512021E+02
2e TTOL0T7T1E+D2
Lo TT26T3CE+02
GalY96L1T05E+02
2198U6L0E+Q3,
TCaw 326E+03,
54F06HB684E4+00,
++
3.1471142E+00
B lE63TLLOE+DD s
3+]1918331E+00
3¢2319562E+00
342H49616E+00
33020144 +00,
4L 306625E+00
YebH 3893 L5E+T0y
Febbhu4576+00
37996 7TTHE+0O
369721049E+00,
HelTBTILIEFQD,
Lo 2 TELHL4YEH(CD,
H o T299663E+00,

1,9511517E+02),
310932 HE+UL
556263826404
le12748 5E+03,
2e85H19T3TE+UD
1C1041001k+04T
143993135E+05,

UF AQ++0+ 2060D/ 3,1419510E+00,

3.1502198E+U0
3. 16FET43E+UD
3.2007Q75E+UU»
342439602E+U0
3430035406E+00,
3edf1llb4bck+V0 s
340579862E+00
342630451400
3+6891360E+00
348399352E+0U0
4e0U202812E+00
4.2366228L+00,
4449T7698B4E+00
4481559 LE+U0»

DATALF3ALTI)»1=614100)/

HelO13Bulb+U0y
5«5640TLEE+CD
HelS54Ll TH5E4+CO
6924138 2E+CQ
Te9652429E+00,

44143 UE+CO
1e16BIBIZE+C],
1+45457768E401,
2e309256U0E+01
Hheb26UBB4E+(1,

+ATLUF4AUFDT+32T60D/ 6.

24T579871E~01,
Se5T1IUTIGE-(11,
B+4S9TUBEIE~U]
115995896400,
1et95L401E400,
1ea8B6390TTE+00Q,
202768B8B35E+00,
2eTA4THTL2E+00,
32930400E+0Y0
3e9366095E+00,
4o TO9GTLIEFDO,
5e6552054E+00,
Ge8B361620E+0D0,
Be34b4e4b I +00,

Le2074911E+0U >
5.6985265E+00
£e32702150400y
Ta1542599E+00>
Baldab764E+0U0

2+ F109212E+00»
1e2433635E+01,
1.6839404E+U1]y
2463B4528E+01,
6a1798BILZE+O1

3.4539021E-U1
6.289628B0E-Jl >
FedS535102E-01
142611062400
15838073400
Le96£53856+00
2#3885300t+U00
2+48760502E+U0
324436B82E+00
4e1162504E+U0
L4eF2THH6TE+UD g
DeFEYLG1D4LE+UUy
Tel780548E+U0
Be/lB73513+uly

DATA(FA4ALL) 12615100}/

1C031 62TE+0l,
le2984832E4+21,
l1e671UGBTE+D]L,
242151398E+21,
3COY540 T0E+31

1.0 100154017
1e3797611E+0U1
le THT4LBE3E401
2e3304986E+U]
3C3372  le+0lT

T36915E~02

ORIGINAL PAGE IS
OF POOR QUALITY

2e1829994E+0Ly

3a5Y11TDLE+0L
6sH376TTIE+0Ly
L«3858938E+03
3 7937283E+Q3
LCT5226476+04
4.7198420E+00

3a1540235E+00
317632659E4+000
3210344 2E+00
3e206TH39E+DQ

3.3166453E+000

33912T49E+0V
3eLB24458E400
3e092H691E+00
34724353 1E+00
3.8820315E+00»
42 0706963E+00
4429 TL932E+00
Lo T12T7F4E+Q0Q
4,9058188E+00»

543197370L+00y
D BUCBOOLEFCU
e5140806E+Q0
{24029 288E+Q0
BeO340L04E+00
1.0434067TE+Q 1y
Lo3295114E+01
1+8501808E+01»
3207859 14E+01
94297 T44E+O1

4,1541249E-01»
740161625E~0U1>
1 4DU21989E+00
13439304+ UuUs
LeBT&TIOLE+QQY
2¢0641085E+00»
245040014E+00
3.0USHK03BE+UUS
3.6008507TE+00)
4o 3U4503TE+0U0
241073713E+00
Cedlls9{8E+00,
Ten419BLZE+QO
Feldbd lO24E+]U Y

LC156T7415E+01y
LetsbB3210+01y
Le91BE0Y1IE+O L
LeDHOLOZYE+D Ly
JCH6L5BTT3LIE+OLy

3.1429824E+00

1se3755 14E~Qls
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2e4533690E+02
be LZOBSOIEFD2y
T275536264E+02
Le 729B882TE+Q3
5¢2009564E+03»
340261024E+04»
3. 7735T728E+06/
J3ela47Q27TE+00,
3.15B5298E+00
31837096E+00y
3622Q0755BE+00
32704448E+00
3e333B569E+00
344124369E+00
3250808QLE+Q0
3ab6232549E+0Q0
327611763E+00
34926056 1E+00
4412308 T702E+Q0
4a36090T78BE+CO
LoH4BHLIBZE+00
S« 00095T2E+00/

He43B6134E+00>
He9924634E+00>
CeaT1I06352E+Q0
TebT2384BE+000
Qe 0 LTIVEIE+Q0
lel020413E+Q1Ls
le4291818E+01
2.0539089E+01»
3.696513T7TE+C1y»
l.8680213E+02/
2¢0655024E~01
4 4B59545BE-01
TeT7o16481E-01,
L«0BD3ABALE+0Q0
1+ 4UBS626E+000y
1.768B0265E+00»
2+1688L89E+Q0
2+462355T70E+Q0
32 1484T7TT7T6E+Q0
3.764990TE+Q0y
4050201 10E+Q0
5¢3995573E+400
e DilthaTE+00
TeF299605E+00»
Qe 7T16694E+00/

Ledd3T03BE+D]
1456506T3E+01 s
22405F69TIE+0 L
2.8068606E+01»
4a0475 Q5E+01,



4.6535078E+01,
TeUITT289E+01,
laZ64I590E+02
2e8B76383TE+UZy
1163488 1E+03,
DATACFSALL Y sI=ls 9907 Qe
Be2696B46E—~U1y 141050180E+0Q
le9936883E+00y, 2a2632299E+0U0
313 BlO61E+UQ0s 3445U0330E4U0Q
44239953 +0U0s 4o T7654945E+U0
5¢8517341E+0Q0s 6e23T3745E+00
TehTILITIE+0Q, T492%1312E400s
Qe377925TE+00s 949055097E+00
1CLI6430LTE+0L,y 1C22B0673E+0LT
1a4403336E+01y 145190438E+01,
1C7 38 F7E+01y 1C 831251E+01L7
242207604E+(1 )y Z234B6560E+01
2aTBB9504E+0U1s 249276990E+U]y
3eb4bLT63E+0U) s 3¢ /THE3IZE+UL,
4e5B3VUA3LE+01 s 4aY0lua836L+01L,

DATA{FSA(IL) »[=60s100)/

BeDGTHOETIE+D]l s 645066298BE+01
BalP23058E+01s B.BHLISOBTE4UL )
lelaT739T76E+02s 1e2560662E+U2)
106775775E+02, 1e8595332E4+U7
2e5943838BE+02, 2,9252105E+02,
Ge333U9L26E+02s HeQ02TTL4E+0L
BeDT933THE+D2y 9ab6635414E+02
1o 7TB6UEH2E+03y 242641687403,
5e¢3189242E+03s T45502829E+03
3.064269TE+DGy 5496641 TTE+Uky
34783U331E+06/
DATAI(FBA(])sl=1,
TeB86TIS33E+00s 748788175E+00,
Te9303414E+00y 749539300E+00
BeOGLDG2Z2E+00s 8BCUBL54T8E+00
Be2139440E+00, B4265483 E+00,
Be&443738IE+N0, BabH1l14321E400,
BCT41Z 3E+0C0s C 273737E4+00T
SellGOETIZ2E+130y 942241B36E+00
«583502 E+20s C7165205E400,
1.016VI04E+01s 140324138E+401»
1.0B71287E+)1s 141073838E+01,
1e17510U5E+01y 1e2002430E+U1ly
1e2 4646TE+)]1s 1C316132 E+401s
1e4224658E+01y 1e4623916E+01
15983024431y 1664976 3E+0IL»

DATA(FEA(T) »1:=604100)/

P 1.8267678BE+)1, 1.8945226E+01
Zel30586TE+Jls 2422219T1E+ULy
SeB06T109E+01s 246748B600E+4UL,

. Bel3B6243E+01s 343299352E401,

7 4C0232437E431s 4C3134201E4017T

2 Ded36LT33E401s Za923)1660E+Uly

4.948923BE+UL
Ba0293107E+01»
1e509194TE+UL
39 F6T156BE+ULy
2e0745753E+03,

(RSN O LN N

NN RN MNMNOMNMRER NN NN

9331/ TW85401d4E+00,

DebdITHBTZE+QL
FalBdIGL22E+01
le8310120E+02
DelGiB995E+02
4.6822333E+03,

?y 2o Ta97442E~019545045962E-01
1a3851315E+00y

Ze23T0353E+00
3CTOTO0041E+UUY
5e1167138E+0QUS

Leb364240E+00y

Be3BI3125E+00,

140457588E+01»

1C29514T3E+01T
1e602281BE+01Ly
1C d86382E+01LT
Ze4B54161E+0 1y
34139296 0E+01Ls
4o DELZ1HB0E+Q L,
Del8Y2622E+0Q 1L

{e01£B000E+U1y
YeH49F133E+01»
1e3788928E+02»

2.006922T4E+02y

3e3152694E+02)
SelB192236E+0L
lel694491E+03y
Z2e930VTHIFE+Q3
Lleld36044E+0us
Let409B7IBE+CS

7Te8928191E+00
Ta98B0T7924E+00

«1220643E+00
§432088B5E+00,
E+5834B60E+00>
C 184 52E+00»
Fe33T6399E+00s

« D6TQ93E+00y

1CO497005E+Q1y
L+ 1ZBT501E4+0Q1L
1 e2268Ll44E+Qls

1C349501 LE+QL»

Le2UGB6L5E+UL

La7047788E+01y

L.967383TE+OLY
La3lL4TOL4E+( L

£aBlIOLLOU9E+QLY

3e93536290E+Q1L
4CH40 644E+QLT
GCettbb3000L+Yl s

6+2168873E+01»
leQ74T7819E+0Q2y -
2e2665T62E+QZ
Tebl&49041E+02
1.87B9967E+04/

1.667840BE+QQ»
Celd3D0944E+QQ
409141 T7BE+Q0Q
5478496 2E+00
T+0499568E+00
848T30716E+Q0,
1+1036068BE+01>»
1e365B065E+01
1e6904250E+01
241009798E+01
2e631873BE+01
3e33492L2E+01 s

G 2FOBLIGEHDL Y

56£99036E+0L/

Te5T22544E+01
140509380E+02»
1.5183581E+02y
2¢3119103E+02
347TB5438E+02
6eBL51ITBE+QL
le434207E+03,
3.8892080E+03
le 7T787T76FE+04
4%e7435606E+05,

T4 855564BE+009 7Te8602071E+00

709099834E+00
B+0109779E+00y
8+1661682E+00s
8.3802672E+00
B+660050TE+00 s

«0148555E+00
944573150E+00
1400064438E+01
1e0679206E+01
141512970E+01 5
1e2549132L+01
143B48932E+01
145500868E+01 s
1.7636566E+01/

2+0458740E+Q1 s
244<93085E+Q1
2e9690B6HETOL,
3. T764B184E+01
De0123481E+Q1l
Tol429421lE+01,
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Ta9151196E+01
le2 23597402
268 T6UELOE+UZ
Te9TTTIBTHEFDZ,
le 06 UT2E+Q4/

DATAUFTAU+ ) s+=1>

6« 295587 3E+00,
64351V618E+00,
Ced5206TLTE+)D,
6eBUID5L4E+D0
6+BUBLGLIBE+)O,
TaUTa3452E+00
Te41084401E+00,
TeB8294482E+00,
BeB34BLE6L3E+D0
Be9900842E+00D
Qe TBTICL2E+UD
1o UTB4718BE+DL
1420441L90E+01,
1e3658TUUE+UL

Lab76T71l85C+01
leB5B86L46E+0)1,
2e247TUB63E+)1,
2¢ 03U L1lE+U01y
Fe63962L0E+0D 1
4C
Te3640975k+0U1
1e2208965E+32,
2edT33660E+1)2,
TCT 2 615E+02T
1897967 1E+24/

DATA(FHALL)+I=1y

Bel6 GB4GE-D1,
1e9536883E+20,
2413 BI61E+20

G4 239955E+30,

5 eBH L T34 1E+0
Tt T9LLTIE+D0,
Ga3TTY2H5TE+DO
1016430LTE+D]
Let4u3336E401 .
1.783887TE+D1,
24220T6U4E+UT
2.TBBIS64E+01] ,
3e5461763E+01,
4458303326401,

6204T4ETIE+Q]
Belv2iuvBL+ul,
Lel&4739T6E40Z,
1a6 7737 79E+02,
2aDYAIBABE+0Y,
o330 sHE i,

B+83£1653L+Uly
LC4  4321b+uds
32238870402
142326001E+03,

5 1/ 6C2 32000E+00y 6e2845T4TE+QQ9642887012E+00°
6+3329570E+00>

6e¢305245TE+V0)
Ge3T20431LE+00,
6e4856166E+00,
6o4 4 1LE+00Q,
628689366E+00)
Tel213519E+00
742068376E+00,
1.9490401E+00
B+4963949E+00
Yel7398B4TE+00,
1.0016362E+0U1,
1el071 & £+01»
1led41007IE+UL,
lad13269%E+U1y

DATA(FTA(TL )+ [=6J09100)/

le0394521E+01
Le9439621E+01»
dadbila lE+Uly
Ze T 726 E+uls
3e9151565E+Uly

53764E+01T 504510 25E+01,

Bel4B0692E+01
Lel22]1431E+402y
3el0B1241E+0Z,
1C20 46 E+03,

59)/ Qa
1le1020180E+00
228322956400
3445U0330k+00
44THEH4945E+U0
bed3{3T7T4HE+UD
Te9251312E+00
9e909509TE+U0
142280673E+01
1e5190438E+01,
1.8B831251E+01
2UA4BEHEUE+UL
2e957T69F0E+UL
SeTT463130+JLs
44901G683€E4+01,

DATACFBAT+) 2 [=60+10G0)/

Ce50662FH8E+UL
BedBB8L50870L+Uly
la2500662E+0
LeB39Y95332E+U
Aa25210%L+0c
BLaUOLTTIAE+UL

Y33 Z2ZHE+Q L™

LCT641683E+02
44 16306Y0E+0L
Lo lOBBIS3E+(03

6+31T6945E+00
6+3959406E+00
be521695BE+00,
C+6YBEISITE+QO
£.9332940E+00Q»
742329084E+00
746086319E+00y"
BaDT51721E+00
BabSZ24219E+00
Ye3675184E+00
1e0257989E+01»
1a1376685E+01s
1e2799T51E+01
Loa039974E+01 s

LeTQTODTOE*QL»
Le036D4EH6E+QL
ZaYOTOB4E+0O]L
ACLTHYIS4HE+Q1l e
4422663415 +01s
Ye Y0 1LLIE+QIT
Ye3116396E+01
LabT9GT12E+Q2
4403L1463E4+02
4C1359358E+03T

v 2o 749 T4 LE~DLle2a2045962E~01

le3821310E+00s
Lea53TQ353E+00
2« 76T0041E+0QY
S5«1167138E+0Q0Ds
Ceb364245E+U0U Yy
Be3B8Y3125E+00
LeQ45758H8E+01
Lel95)1473E+0Ly
LebUL28LIBE+UL,
l.9BB6382E+01
<e4854161E+01ls
341392586E+01s
Ge0d2]0806E+01Ly
Sel2492622E+01

TeOl28000E+0U L
YabH9Y9133+01L
Le3fd8928E+02
LalBILL2FHE+QL
33192694E4+02
2eabB 9083+ 0 .

1+TZT2193E+02
2+1104560E+02)
5:6028454E+02
4¢82101BOE+(Q3

6e4227999E+00
6+5609815E+00
6e751H606E+00
T«QOL17134E+00
723192034E+00>
TaT7160TT4E+QQ
8.2081888BE+00»
B¢8l7014TE+DO
Feb719399E+00
1eQ313769E+Q1
1el700271E4Q1
1e3215214E+01
Le51B3642E+01/

Le7T798826E+01»
2al3TL63TE+QL
2eb64348BL1E+0L
33946 T05E+Q1y
44 5806456E+01
CebOLLlL3T3E4+0L s
L.0607436E+Q2
2:017946BE+02
5:448915TE+Q2»
Lo TTL5321E4+03,

1+66784Q8E+00»
deB356944E+00s
44091417BE+00Qy
5478496 2E+00»
TaQ499568E+00
BeB730716E£400
1+.1036V68E+01>
le36580065E+01
1+6904250QE+01
2¢1009790E+0Ly
2+631873BE+QL»
3433493LL2E+01
4e2F908L34E+01
56299036E+01/

Ta5T22504E4+01
leUD0938QE+0Z
1e51I83581E+02y
2e3119103E+0Z>
32 TTBSZ38E+02
Cel2D]19T78E+Uc
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Be07 3374E+02y 946635414E+02y 1o1694491E+03y 1a434220TE+03
Le TBOUBLZ2E+03, 2.264168B7E+U3s 2,9307839E+03s 3,8892080E+03,
2e3lBYL4LE+03,y T45502829E+0%s Lel236044E+04, 1l 77B7769E+Q4 s
34064269TE+04y 5096641 7TE+04s Lo40987IBE+05s 4o T7435606E+05,
278303315406/ . ' .

DATAUF AU+DT+31T 5 0/ 1C57U 000E+01ly Lleb714186E+0Lsle5732762E401L,
leS57637TTE+COLs 145B07315%E+0Uls Le5863493E+401s 145932463E+C1
1e6014413E+401s LeblU9S66E+ULy LebZ218L85E+01ls 1e6360569E+01
1e64TTUOLE+ULs 146628045E+01s 1e6793950E+01ls 1e6975252E+01
1eT17447BE+0U1y 1a73B6207TE+ULs LeT0l7076E+0ls 1e47869781E+01L»
14BL330B4E4+01, 148419816E+01s LeB7268B4E+01ly 190552 7T4E+DLy
1.9406060E+0UL1y 1497B0GLIE+UL s ZeOLlT79599E+0Lly 24060500TE+UL
2e1058L140E+01s 24154063TE+0Lly 242054280E+01ls 2e2601014E+01
2s31BC996E+01 s 2,3802410E+01y 2e4461916E+0Lly 245164214E+01
245912323E401, 2,6709545E+U1s 24755949TE+01ly 2eB8466152E+01 s
2a94338T3E+01s 2.046T74620+ULs 34195T2213E+01r 342753965401
3+4019175E4+01, 5453749920401y 3,6829344E+01y 2483910416401
4e006YBBIL+0]» 4olBT682TE+U1s 443824079E+01y 44592933 TE+QL
4eB1959T4E+01s He0653281E+01s He3316765E+0Lls 546208B481E+01 »
De93536433E+01y 6.2780045E+ULs 6,6%920729E+01s 7e061254TE+01/

DATA(FOA(L ) »1=6Uy100)/
Te50980LTE+01s 8400260B2E+ULls 845453271E+01ly 9¢1445119E+01
9«BOTTBIZE+)1s 1.0544071E+02s Le13638159E+02s 1e2279350E+02,
1e3305279E+02s 1444589BTE+U2s Loa5T6128L1E+02s 147237209E+02s
1CB 1710BE+02T 2,0837956E+02s <43045146E+02y 245594612E402,
248556931E402, 3.2019491E+402y 3,6094160E+U2s 440924100E+02
Ge66 ABT3E+0Zy Le3649902E+0ds 0421127T40E+02y Te2519715E4+02,
Bo5468T44E+02s 101793 2E+03s Le2¢68227TE+03s 1a498615TE+03,
168591 183E+403s 2.34B0042E+G3s 3.0283905E+03s 44004TT39E+03
04585606 +)3s Tel232913E+03s 141457308 +04s 1eBON2T3ZE+04,
3+ 10588B03E+04y 64J301284E+04s 1.4209818E+0%s 44 7T6B052TE+U5»
3eT926419E+D6/

10 FORMAT (9(El&4s7)s/)

11 FORMAT (415)

12 FORMAT (BF1Qew)

13 FO-MAT (54H THEL AMPL+TUDE UF —ES~ONSE = ORKHN' y

1 Elas7./) Op POOﬁLQgAGE S
Al

14 FURMAT {(54H FHASE ANGLE DIFFoRENCE (DEGREL) = ITY ’
1 ElaeTs//7) R

15 FORMAT (1HI1) .

16 FORMAT (54H THE GUESSED AMPLITULE OF RESPONSE = ’
1 Elas7s/) ,

17 FORMAT (5(EL14,7+6X)s/)

18 FURMAT 5X6Hu(Lb}=-l?KBHHU=;14K6HM(&LUG)=-léX&HU(IN)=1BK12HNIRAD/
1 SECY=)

19 FORMAT (FlQa5»7{E1l4%elslX}s/)

20 FORMAT (2X3HHA=;5X:6HFI(1)=;9K;6HFI(3)=;9K3HFA=-12X06HFI(7)=o9X,3H
IDA=9 13X s4HDAQO =11 X e 2HF =)

21 FORMAT (54H THE CHARACTE-ISTIC FREQUENCY '
1 Elaedsy /)

22 FORMAT (54H THE NONDIMENSIONALIZEeL FREWUENCY

. 1 E1&4C4,/0

23 FO-MAT (+545Xs(TF10e5)) _

24 FORMAT {(54H 1At LERO-URDER AMPLITUDE OF RESPONSE »
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1 ElaeTs/)

25 FURMAT (54H THE NOND+MENSIONALIZED UPPER RESPONSE= ’
1 Elde75/)

26 FORMAT (56K THE NONDIMENSIONALIZtL LOWER RESPONSE= »
1 Elé4aT,s/) ‘

BKS=Cl, BCS=C2, AN1=N1=2,55 ANZ=NZ=2e%s TUL 15 THE TOLERANCE OF
ERROR AALLOWEDL FOR THE SOLUTIONs ©8MASS IS5 IN SLUGs AND DELTA IS
STEP IN INCHES,

AGUIYs AND AOG(I) ARE 1 SERIES OF THE GUESSED VALUES OF AMPLITUDES
A AND AQ RESPECTIVELYe QN(I) THE GUESSED VALUES OF THE DYNAMIC
LOAD IN LbFe WN(I) ARE SERI¢S OF THE NONDIMENSIONALIZED FREQUENCY
TO BE USEDL IN THE CALCULATION.

-EAD 125 BKSs BCSs ANl, AN2

~EAD 12+ HO» LMASST DELTAT TOL

READ 23» [Ge 1AGIII21=1,410}

~EAD 239 1Gs (AQGLI1)sl=1e+0)

READ 235 LQs (QNUI)e1=1,LQ1}

1A=0e

DO 110 IQ@=1l.LQ

—EAD 239 LWsUWN(IYsl=1loLwW)

PRINT 15

+AA=0C

QS=QN( Q)

AMASS=BMASS/12a

AVIDELBDEL TAMAMASS

HON1=HO*%AN1

HON2=HO®MANZ

HOPN1=HON1*HO

HOPNZ=HONZ #HO

WS2=BKS*AN1/AMDEL /HOPN]

WO=SART(WS2)

P—+NT 21, WS

DO 110 +W3l,LW

+A=4+0—-0s

WB=WN{IW)

W=WBAWS

PRINT 18

PRINT 17s@5s d0s BMASSs DELTA: W

PRINT 225 WB ORRHNAl,pAGE;E
WHBZ=WBEWE OF '
WOSWS 2 ®AMDEL POOR QuarITy
Q=QS/WO

HOMAX=HO%0 499

PI1=3s1416

BK=BKS /WO

BC=BCS*WB/WS/AMASS

PHO1=P ] #HON]

PHO2 =P #HON2

81=BK/PHO1

33=RBC/PHO2

THE AMPLITUDE QF A FOR W=0es AO=0. 15 ESTIMATED BY LINEAR INTERPUSITION.
IF (WaGTaUs) GO TG S0

18A=1

ANO=Q%P T #HON | /+K



42

41

43

44
46
47
48

45

50

103

IF (AWO~F1A(B50)) 41s 42, 43
A=0«5%¥HO ‘
AQ=0.

GU TO 50

[i=1

+£=50

GO TO 44

+1=50

12=10C

12=011+12)/2

10D=12-11+0a1

+F (+D=1D 45+ 45, 46

IF (AWO-F1AITI2)) 47y 49, 48
12=13 ’

GO TO 44

I11=13

GU TO 44

Al=+1.

A={AT+(AWO=F1A(TIL ) /A(FIALTI2)-FLA(+1))}/7100.%H0

AQ=0s

GU TO 5U
A=+3/100aMHD
AC=0.
CONTINUE

GUESS THE VALUES OF A AND AO.

IF (TAA-1) 14646
CONTINUE
+A=+A+1
IF (TALGTLIG) GO TO 110
A=AGLTIA)
AC=A0GLTA)
CONTINUE
-—+NT 16T A
ITER=0.
CONTINUE
HADS={1++A0/HO 1 E# 2.5
+A0T=(1 e +AQ/HO )% HAL,5%#HD
A+O3A/U+0+A0D
HA=AHO® 10U,
HA=HA+ 1.
THA=HA

+A+1

+1 O++AH+0BA-+HAY ® (FLAUIHAL)}-F1A(IHA)
F+{2D3F2AU+HA } + (HA-+HAY #UF2AU++A 1 -F2A (I HAD)
FI(3)=F3A(IHAI+(HA-THA#(F3A({IHAL)-F3A(1HA))
FIT4)=F4A{+HAI+U+A~IHAY R (F4ACIHAL) -F4ACLHAY )
F+(5)13F5A(+HA) +{HA-+HAY#UFS5A(IHALD-F5ALIHAL)
FI1laY=F6ALIHAY+ (HA-THA)Y#*(FOA(IHAL)-FrB6A(IHA)}
FI(T)=F7A(THAY+(HA-THAY R (FTA{THAL)Y-FTATIHA))
FI(BI=FBA(IHA)+(HA-THA}Y# (FBALIHALI-FB8A(IHA))
FLI9)=FSA({THAY+ {HA-THAY#{FIA(IHALI-FFALIHA))

FI{ly= FI(1}/rAQ5
Fit2y= FI(2)/4AD7
Fi1(3y= F1{3)/1A05
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Flia)= FI1(4)/HAQT

FI{S)=—=FI(5)/HAQT

FIte)=—F1(6)/HAQT

F1(Ty= FI{(T)/HAQS

FL{(B)= FI(8)/HAQT

F1{9)})=—F1{9)/HAQ7

Fe(FI(1)#Bl-A#WB2)#%2+(F+{3)%#B3#A)#22-0#(Q

FAL={FI{1)*B1l-A#WO2)H(FI1{2)1tBl~-Wp2)%2,

FAZ=(FI(3)1#83 A #(FI(3)uB3+F[ (41 #B3xA)#2,

FA=FAL+FAZ

G=FT1(T7)=-2.#P1

FAO=2.#(B1*FI1(1)-A*WB2)#B1#FI(5)+{B3vpA ) #u2#F [ (3 )%F]{6)1%2,
DEL=FAxFI(9)-FAO*FI(8)

DA=(-F#F+( 1+0#FAQ}/DEL

DAO={FH#FI(8)~-C¥FA}/DEL

IF (ABSIDAYGTaGeb) GO TO 1

AO=AQ+DAD

A=A+DA

p-+NT 20

PRINT 19sHAs FIll)s FIU3)s FAs FL(T}s LAs UAO F

PRINT 1Us FAOs DELs G

ITER=ITER+1

IF (AslLbaUa) GO TUO 1

AOB=ABS(AQO)

AAD=ABS{A-AOB)

IF {AADCGT«HOMAX)Y GO T0O-1

IF {ITERsGTL1%) GO TQ 1

IF (ABS(DA)«GT.TOLY GO TO 103

IF {ABSIDADQ)Y.UTTOL) GO TO 103

R=FI(3)HBCHA/PHOZ/{F1L1Y#BK/PHOL1-A#WEB?Z2)

ALPHA=ATANIR)

ALPHA=ALPHA®1E8Q./3alb16

PRINT 24s AQ

PRINT 13s A

AU=A+AQ

ADUWN=A-AQ

PRINT 25 AU

PRINT 26+ ADOWN

PRINT 14, ALPHA

+AA=+AA+]

CONTINUE

END
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Card 1
BKS

BCS

ANl

Caxd 2
HO
BMASS
DELTA

TOL

Card 3
I1G
AG(T)

Card 4
1G

ADG(L)
Card 5

1Q

QN(Y)
Card &

LW

WN(I)
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Format (8F10.5)

- Value of €1 for the stiffness of the gas film force
in Ib_.
£ .
- Value of <, for the damping of the gas film force in
‘ lbflipa.

- Power n, for the stiffness force iu terms of gas film
thickness.

- Power n, for the damping force in terms of gas film
thickness.

Format (8F10.5)
Normalized gas film thickness at equilibrium,
Mass of the step ring in response in slug.
Step depth of the pad in inches.

Convergence factor for the amplitude iteratiom,

Format (XI5, 5X, (7F10,5))

- Total number of the guessed amplitude A of the
response,

- Array of the guessed amplitude A of the response.
Format (I5, 5X, (7F10,5))

- Total number of the guessed amplitude Ao of the response.

- Array of the guessed amplitudes Ao of the response.

Format (X5, 5X, (7¥10.5)

- Total number of the force excitatlon to be investigated
in the production rum.

- Array of amplitude of force excitation in lbf.

Format. (I5, 5X, (7F10.5))

- Total number of the normalized forcing frequencies ro
be investigated. '

- Array of normalized forcing frequencies,
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If the sixth input statement is located within the doloop of

IQ = 1, LQ, LQ sets of card 6 are required.



11
12

13
14
15
16
17
18
19
20
21
31
32
33
34
35
36
40

41
42
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PROGRAM RERKIT{INPUT sQUTPUT»PUNCrsTAPESD)

COMMOM Ys DYs ATABLs RTABLs LFVDse Xs DXsws BKe 3Cs Qe AMASSs DELTA
COMMON HOs TLASTs AY» FACs w2y HONls HONZs riOPNly HOPNZsANLsANZ
COMMON XAs TAy XTay LAy [AZs OXise WLL» wWos oLOPEs TLW» wWBOs XU
DIMENSIUN Y(219 UYI(2)s ATAGL{Z)s =TApL ({21 WOG-KI{18)

DIMENSION XA(L000)s TAL1CO0)s ATA(1GOO)

EXTERNAL DERIVSs CTHNTRLs GRAPH

FURMAT (8F L1045

FORMAT (54H MASS OF THE ScAbL (SLuw) , s
I El4.35/) ‘

FORMAT (S4n DEERTH OF STEP DLISCUNTINUVITY (1IN) ’
1 El443,/7) :

FUORMAT (54H NUNUIMENSIONALIZED tUUILIoRIUM POSITIONs HO ’
1 Elsedy /) ' .

FORMAT (54H FREGUEMCY OF PLRIODIC FORCEs W (RAD/SECY s
1 Eltde3d,s/)

FORMAT (54A AMPLITUDE OF THE PERIQUIU FURC: APPLIED (LBS) )
1 Elde3y/)

FORMAT {94H NUNUIMLNSIONALLIZcU vaMPING CucrbIClenT OF GAS FILM L

1 El4e3,/)

FORMAT [6UH NONDIMENSIONALIZED MULTLIPLE JF STIFFNESS o UlSPLALDHE
INTs KeELlbda3s/)

FORMAT (54H NONDIMENSIONALLIZED wlSPLACEMNT '
1 Elde34/1)

FORMAT {54H THE MULTIPLE OF Tlnk AW FREWUENCY (RAD) r
1 Eltedy/) _ '

FORMAT (3XTHUEGREE=+4Xs 1 1HPHASE (RAD I =, 7X13MUISPLACEMENT =3 1 1 X9HVELD

ICITY=5/1)

FORMAT (7Xs23HDATA (XA{TAslA=ly TO)/eZ2lbl4ebslHs])}
FORMAT (5XslHis1XedlELagabalrn))

FORMAT (7X222HDATA (TA(TA)slA=Ls9u)/sbitIessiHs))
FURMAT (5XslHZ,1Xsb6(F945e1He))

FORMAT (TX26HLATA (ATA(TAP} s LAP=1+3601/221E14ebslHs))

FORMAT (5X1HZ2rlXs4{Eldabr1He))

FORMAT (52H EFMRUR RETURNe WX=0 2/}
FORMAT (52H NUORMAL RETURN /)

FORMAT (52RH CRRUR RETURNy YARIABLE INTERVAL MODE ONLY s S

- TLAST IS5 THE FINAL TIME OF THE INTERVAL IN INTEGRATION.

TLw IS5 THE FIMAL TIME THAT THE SMOOTH VARIAIION OF FREQUENCY bz
wWLB 13 THE FIMAL NONDIMENSIUNALIZED FREQUENCY TQ BE J3ED IN THD
TECHNIC OF SMOOTH VARYING FREWUENCY .

Y{l)» ¥Yi(2)e X ARE INITIAL CONODITIUNS OF Xe UX/DTe T RESPECTIVELY W
BEKS=Cle BCS=C2e UELTA 45 STEP IN INCHeSe WS IS UYNAMIC LUAU 1IN
LB« AM 1S MASS OF TAE PAU IN 5tUGe Wb lo THE NUNUIMENSIUNALILIZED

FREQUENCY » AMI=N]1=Z2eDy ANZL=NZ=geZ WX1l i> Trc TilvE INCREMoNT [ buRbb,

READ 11 TLAST, TLWs WLEB
READ 11y Y(1l}s Y(2)s X
READ 11 » BKSs 805y @5s AMy ULELTAs HO WB
O+
HON1=HQO*#AN1
HONZ=HO®*#*ANZ
HOPN1=HON1®*HO
HOPN2=HONZ#HU - ORIGINAL PAGE IS

CW‘POOR QUAIJTY
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AMASS=AM/ Ll e
AMDEL=AMALSH#DELTA
WSZ2=BKS*ANL/AMDEL /HUPN]
WomSURTIWSLE)

W=WB*WS

WHZ=WB Wb

Wh=WLB*WS

X0=X

SLOPE=(WLB-WB) /WHB/LTLW=-X0)
WwBO3wB

WO=WSZ2¥AMDEL

Q=Q5/W0

BK=BKS /WO

BC=BCS/WS/AMALS

PRINT 12, AM

PRINT 13y DELTA

PRINT Ll4s HO

PRINT 15 s W

PRINT 16s QS

PRINT 17 BC

PRINT 18, BK

DEFINE THE INLTIAL VALUE OF Y(I)
XAL1)Y=Y(1)

TA{l)=X

XTALL)=Y(2)

DEFINE X AS Yil)s ANUD DX/DT AS Y(2)
THE FULLOWING |5 PREPARED FUR RUNGE=KUTTA NUMERICAL INTEGRATIUN.
PI=3e14l15926535

DX=DX1#P[ /130,
FAC=10,#%#04 2

NTRY =]

N=2

1FVD=1

I18KP=1

ATABL(1)1=u.001
ATABL{2})=v.001
RTABL(1)=0.00]
RTABL{Z2)=ue0Q01

IAZ2=1

1A=]

BPRINT 21
IC?ELRRKbBlUtRIV,CNTHLtY;DYfATAbLnRTAbLsNURK’K’UX’NsIFVD.1BRPrN!uro

RR)

IF (IERR-U}] 4y 54 6
CONTINUE

PRINT 440

GO TO 3

CONTINUE

PRINT &1

GO TO 3

CONTINUE

PRINT 42

CUNT ENUE

THE FUL.OWING 1 FUR THE PLOFS OF X AND LX/7UT Vene T,



b1
54
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CALL. NAMPLT

CALL SCALE (XAs5eUslAsl)

CALL SCALE (TA44040s1A,1)

CALL SCALL (XTAsDaUs A1)

CALL AX15(0e0s0eUs /HT VALUE s 7940009040 TA{IA+LY»TALIA+2))
CALL AXIS (0e0sUeUsTHX VALUE s=738439040sXAL1A4+1}sXA(1A+2))
CALL AXIS5 (1e0s0e0s8HXT VALULs—=638a0y 90.0;XTA(1A+1):XTA(IA+2))
CALL ULINE (TAsXAs1Asls1,0)

CALL LINE (TAsXTAsIAs1ls153)

CALL SYMBOL {3,0»9405U420s16HPLUT OF X VeSe Ts0e0sib6)

CALL SYMBOL(440910e030,20220APLOT OF DX/DT Vede T30e0s15)
CALL ENDPLT

THE FOLLOWING [& FUR THE PHASE PLOT OF X VeSe DX/DT.
RIA=TIA

WIDTH=1uU,

WSPACE=10,

CALL SETUPCHUesUas0atles=20e324sWIDTHsWSPACE )

CALL PARAM(GRAPH»leslesRIA)

CALL ENUSURF

END

UB-OUTINE DEKIV ’

DIMENSTUN YU(Z2)s OY(2)s ATABLIZ2)y =TABL(Z) s WORK({18)
DIMENSTON XA(100U)s TAC1000)s XTACL1U00) .
COMMON Yy DYs ATABLSY RTABLs l1FVDs X» DX+We BKy BCy Qs AMASS, ULELTA
COMMON HOs TLASTs AYs FACy WHZs HONLly HONZs HOPNL, HUPNZsANL s ANS
COMMON XA, TA, XTA+ 1A, [A2s DXIs WLBs WBs 5SLOPEs ILws wWBUs XU
DY{1Y=DYLL1) /01, DY {2)V=DY(2)/0T.
DY (1)=y{2)

DY{2Y=(BK/HONL+Q*CUSTX ) =BK/{HU=Y (1) ) #=AN]— —BO*¥Y{2)*%*WB/ (HO-Y (1)) *®AN
12} /WBZ
RETURN
END

SUBROUT INE CNTRLINTRY)

DIMENSIUN Y{(2:y DYI2)y ATABL(Z2)s RTABL{Z2)

DIMENSTION XA{(LOGO)» TA{100U)s XTAL1000)

COMMON Yy DY ATABLs RTABLs 1FVUs Xs DXsws BKe BCs Qs AMASS, LrLIA
COMMON HG» TLASTs AYs FACs Wods HONIs HUONZs HOPNls HOPNZ AN o AN,
CUMMON XAy TAs XTAs [As [Aly UXis wWibo vibey LuPEs TLWs WBOs xo
FURMAT (SXeID+4LlELl4ab6s6X 1))

FURMAT (54H THE DISPLACEMENT IS UUT OF RANGC 3
IF YU1) IS5 LESS THAN —4,9 OR YU1) IS GREATER THAN HO» TERMINAIL
THE NUMERICAL INTEGRATIONS.

AY=ABSLY(1))

iNs (AY.GTQQQUI JO ‘O Z

TF YLy -HOY L1y 24 2

SONT INUE
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PRINT 54

NTRY=2

CONT INUE

IF (X-TLAST) 3, 3y 4
NTRY=2

CONTINUE

IAZ2=TAZ2+1

TADX=TAZ2#DX]
IA=1AZ2/4+0400C1
XTA(IAY=Y(2)
XACTAY=Y(1)

TALIAY=X

PRINT 51 o JADXs Xs YU(1)s Y(2)s WB
I twB-wLB) 114 12+ 12
WO=WBO¥ (1« +S5LOUPEX*{X-X0) )
Gw TO 13

WB=WwLB

CONTINUE

WB2=WB¥WB

RETURNM

END

SUBROUT INE GRAPHITsXPsYPsZP)

COMMON Y DY, ATABLSs RTABL» IFVDs Xs DXsWs BKs 8BCs Qs AMASS, VELTA
COMMON HO» TLASTs AYs FAC» WB2s HONLls HONZs HOPNL» HOPNZsAN1sANZ
CUMMON XAs» TAs XTAs 1A, IAZs DX1ls WLB» WBe SLOPEs TLWe WBOs Xo
DIMENSION Y{21y DY{2)s ATABL{2)s RTABL(Z)s WORK(18]

DIMENSTION XA(1000)s TA({1000})s XTA(1000)

NP=T+,0001

XP=XA (NP £S5,

YP=0eC

IP=XTA(NP)®5,

RETURN

END
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Card 1 Format (8F10.5)
TLAST - Final normalized time in radian fbf ﬁhe 1ntegracion.
TLW -~ Final normalized time in radian for the changing of
W during the integration.
WLB - Final normalized forcing frequency.
Card 2 Format (8F10.5) |
Y(1) . The initial value of X.
Y(2) " The initial value of X, {.e. dX/dT.
X - The initial time, '1‘i for the integration,
Caxd 3 Yormat (8F10.5)
BKS - Value of q in 1bf.
BCS - Value of ¢, in 1b./ips.
Qs - Value of q in lbf.
~AM - Mass of the ring in response in slug.
DELTA - Step depth, & in inches.
HO - Normalized equilibrium gas film thickness.
WB - The initial normalized excitational frequency.‘
Card 4 Format (8F10,f)
AN1 - Value of n, vhich is 2.5 in the case being investigated.
here, <
AN2 - Value of n, which is 2 5 in the case being investigated
here.
XTI - Time increments during the fixed‘interval of the numerical

integration.
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PROGRAM RSTAB(INPUT»QUTPUT)

DIMENSTUN SA(50)e 5B(50)s 5CL5uYe SDIS50) s SEL5CGs SF(50)
DIMENSION PU(50)s PCR(B0}s PCI(50)s DX{50)s C(100)s ALTOs70)
DIMENSION Cl{Z2s3»5U0)s SUBVISL)» VII20)

DIMENSTON XX{100)s BU(50,3)s BHI50)» AHIDQ)» CH(5Q) A

CUMMON Bls ALAMs Hls TOL» NLs NZ» By NLL1e NZly» NPs NP1y NLZs NL3

CUMMON HZ»
CUMMON A

H13,
5B+

HZ3s HSUM

SC» S5D» SE» SF

11 FORMAT (4F10.45315)
12 FORMAT (BF10a51)

13 FORMAT (54H
1 Eldedts/)
14 FORMAT (54H
1 Elbety/)
15 FORMAT (54H
1 Eldels /)
16 FORMAT {(54H

1 Elbdsbs///)
17 FORMAT (54H
1 Elhatry/)
18 FORMAT (54H
Il BElédetry/)

THE

THE

THE

MASS

RATI

THE

THRESHOLD FREWUENCY OF THE STEP SEAL ’
SQUEEZE FILM PARAMETER ' ' ’
BEARING NUMBER ’

’
Q OF MIN CLEARANCE HEIGHT Té DIFFe IN CLEARANCEDY »
15T ORDER PRESSURISED LOAD ‘ ’

19 FORMAT ((8EL&44)/)

20 FORMAT (54H
21 FORMAT (54H
22 FORMAT (54H
1 Elbaetry/}
23 FORMAT (52H
24 FORMAT (52H
25 FORMAT (54H
1 El4daly/}
26 FORMAT (54H
1l Eldetry/)

THE

FOINTS ARE TOO FEW )

A AND/OR B 1S5 QUT OF RANGE OF TABLE : )

THE

THE
THE
THE

GUESSED THRESHOLUD FREQUENCY OF THE STEP SEAL ,
GRID DIFFERENCE s/)
ZERO ORDER PRLSSURE DISTRIBUTION s/ )
VALUE OF SMALLNESS ’

wOGAD DUE TO THE IMAGINARY PART UF COMPLEX PRESSURL ’

27 FORMAT (5XsIbs(TF10e4))
29 FORMAT (/,(8E1&4a44+/1)

30 FORMAT (52H THE IMAGINARY PART OF CUMPLEX PRESSURE DISTRIBUTIONSs /)

31 FORMAT (52H THE REAL PART OF COMPLEX PRESSURE DISTRIBUTION v/

32 FORMAT (54H THE RATIO OF WIDTH OF STEP WITH HEIGHT H1 ’
1 Elasds/) ‘

READ 11» Bl

ALA

Ms Hls TOLs NbLy N2s NV

READ 12» (VILI)aI=1sNV)

B2=l.-B1
NLI=NL~-1
NLZ2=NL-2
NL3=NL-3
ND=MLZ+NLZ
NZ21=NZ-1
NP=N2+1
NP1=NP+1
H1Z2=H]1##2
H13=H1%%3
HZ=Hl+1le
H22=H2##2
HZ3=Hz2##%3
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READ 12+ (DX{I)sl=14NL1)

READ 12» {PO(I)sl=1sNL}

HSUM=H13+34#H1#H2# (HI+H2)+H23

CALL NEWR{PODX) :

CALL INTEG(OeslesDXsPO. yNLsWLOADSCIsIERR)

PRINT 32, 81 : -

PRINT 15, ALAM " ' B

PRINT 17y H1

PRINT 14, SEG

PRINT 23 -

PRINT 195 (DX(I)sl=14RL1)

PRINT 24 . ' k

PRINT 19, (PO{1)s1219NL) T T

PRINT 25, TOL

Al=—-ALAM%H1/2,

A2=—ALAMK (H1+H21 /4.

A3=~ALAM¥I{2/2, . ; _
THE COEFFICLEMNTS OF SMALL As 8y Cs» Ds Es F AT EACH GRID POINT AkL
CALCULATED IN THE FOLLOWING AS SAy ees ETCe

DU 2 1=24N21

SA(T)=H13/DX (1)

SCUI)=H13/DX{1-1)

SB{I1==SA{1)=-5C(1) '
SULl=(PO(1+1)%+2/DX11) =PO(])®R22%(14/DX (]} +1a/DXII~1))4PO(]—-1) %%/
1 /DX(I-1))%#3,%H12/ 4. _ ' ' : ‘
SU2=ALAM® (POl +1)-PO(I=111/2,

sDt1)1=5D1-5D2

SE{I)=H1I*(DX(]1)1+DX{1-1))/2a

SFLI)=(DX(E)+DX(I-1)1/2,

AH(I)=A1l

CHUI)==Al

BH{1)=0

CONT INUE

SAINZ)Y=HSUM/ 8. /DX(N2)

SCINZ2I=H13/DX(H21)

SBINZ2)=-SA{NZ)=SC{N2)

SD1={{PU(NP)##2- PO(NZ)**E}*(H12+H1*H2+H22l/DX(N2)+(P0(N211**2*
1 POIN2)##2)#3 . %H12/DXIN21) )/ be

SDZ2=ALAM* (POINP)~PO(N21))/2.

SUIN2)=5D1=-SD2

SE(N2)=((HLI+H2 ) #DXIN2)+2 e KH1¥DX (N21) )} /4o
SFIN2Y=(DX(N21+DX(N21)}}) /2.

AHIN2)=A2

CHINZ2)=-Al

BHIN2)=AH(N2)+CH(N2)

DO 3 I=NP1lsNLL

SA{TI)=H23/DX([)

SCII)=H23/DX{1-1)

5BUI)==SA{I)=-53Ct{T) ' o o g ,
SDI=(POCI+L)%¢2/0X (1 1-POCEI*¥2% (1 o/DX (I +1a/0X(1=1))+PU(]—])%*2
1 /DXUI=-1))%3,¢H22/ 4.

SDZ=ALAM* (PO( [+1)-PQ(I~-1))/2a

sD(1)=5D1~5D2

SE{I)=H2#(DX1 Lt y+DX{I=1))/24
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SFUT)={DX(I)+DX(I-1))/2,

AHUT)=A3
CHil)==-A3
BH{I)=0a
CONTINUE

SAINP)=HZ23/DX(NP)

SCINP}=HSUM/ 8. /0X{N2)
SB{NP)==SAINP)-5CINP)
SDI=(({PO(INPL)I#42-PU(NP ) #%2) 83 XH2Z2/DXINP I+ {(PU{NZ ) *#2-PO(NP)%%2) %
1 (H12+H1*¥H2+H22)/DXIN2)Y )/ 4.
SU2=ALAM* (PO (NP1} =-POIN2))/24
SOINP)=3D1=-502
SECNPI=({H1+H2 1 #DXINZI 42« *H2¥DX (NP ) ) /4,
SFUNPY=(DXINP)+DXINZ2)IY /2

AHINP)I=A3

CHINP)=—-A2

BHINP)Y=AH({NP I +CH{NP)

CALCULATE ELLEMENTS OF tA)Y AND (C) IN THE EQUATION AX=C,
B MATRIX IS5 USED TG SAVE Al(IsJd) WHICH ARE [HDEPENDENT ON THE
DO 4 J=1+ND
DO 4 I=14ND
AllsJ)=0,

CONTINUE

v=vlitil)

PRINT 22, V
AMASS=WLOAD/VH#2
FRINT 16&6s AMASS
DO 5 J=2sNL3

I=J+1
JN=NLZ+J
IN=JN+]

AL ) =SA(L)APOUL+1)+AH(T)
ALINs INI=ALU,1)
A(JvJ}=bB(I}*PO{l}+BHiI)
ALJINSINI=A(L, )

Al d=1)=5C 1L #PO(TI=114+CH(I)
ACINSIN=-1I=A10,0-1)

ACJs UNI=SE(]yny

ACJNs J)I=—A(J s IN}
CtJy=-5Dt1)
CUINY=SF{II#PO(T)#Y
BlJds3)=A(JeJd+1)
BlJsZ)1=A{JdyJ)
BlJell=A(Jsd-1)

CONT INUE
A(1,1}=SB(21*P0(2}+BH(21
ALNLLIsNLIYI=AC(1,1)
AllyZ2)=SA(2)RPO(3)+AHL2)
ATNLIsNULY=A{1,2)
ALLsNLII=SE(2)8y
AINL1+1)=~AC(14NL1}
Ctly=-5D(2} _
CINLYY=SF(2)%P0(2) v
A(NLZ’NL3)=5C(NL1]*PO(NL21+CH1NL11
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AUNDsND-1)=A(NL2sNL3}
AUNLZsNLZ2)=SBINLL)#POINLL)Y+BHINLL) -
ATNDsNDI=A(NLZ NIL2)
AUNL2sNDI=SEINLL)#V
AUNDsNLZ2)=—A(NL2sND)}
CINL2)=-SD(NL D)
CINDY=SF{NL1)*PO(NL1)*y
Btlsl)=A{1s1)}
Blile21=Al192)
BINL2+s11=AINLZ2.NL3)
BINLZ2+2)=A(NLZNL2)Y
DO 61 J=1»NKD
XxtJ)y=¢tJ}
61 CONTINUE
CALL DETEGUAsXX s NDsDET)
IF [DET-Ue) 108y 10%s 108
109 sTOP
108 CONTINUE
PCIt11=0.
PCIUINL)Y =0,
PCR(11=0.
PCRINL)=O,
DO 7 J=NL1sND
PCICJ=NL2I=XX(J)
7 CONTINUE
PRINT 3v
PRINT 29 (PCI{IVsl=1aNL)
CALL INTEG{QealesDXsPCIoNLsPOMLeCIslERR]
IF (IERR=-1) 1135 114y 115
114 PRINT 20
sTOP
115 PRINT 21
5TOP
113 CONTINUE
PRINT 2&» PSML
DU 69 J=1y NLZ
69 PCRIJ+1I=XX(.J
PRINT 29y (PCR(I)eI=1sNL)
PRINT 31
CALL INTEG(OerlesDXsPCRINLIPRSMsCIs1ERR)
PRINT 18s PRSM
AMABSS=PREM/V#K2
PRINT 16» AMASS
DO 121 Iv=2sNV
ESTE AN AVE
PRINT 22y V
p0 51 J=14ND
DU 51 I=1sND
AlT»JYy=0,
51 CONTINUE
DO 52 J=Z2s+NL3
[=J+1 ‘
JNENLZ2+J
IN=JN+1



52

62

112
111

117
118

116

121

AlJdsd=11=8{J»1l)
AlJesd)=B(Jds2)
AlJsJ+11=B1.Js3)
ALJNsINI=ALJs1)
A(JINsINI=A({J9J)
ALJNs JN=LI=ALJsJd~11
CONTINUE
Alles1l)=B(1s1)
Alls2)=B(1+21
AINLZsNL3}=BI{NLZs1)
ACNLZoNLZ)I=B{NLL»2)
AINLLIsNLLI=A(I 1)
AUNLIsNL)Y=AT1s2)
A(NDesND=11=A(NLZINL3)
AUNDeNDI=ATNLZ sNL2Y
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CALCULATE THt ELEMENTS QF A AND C WHICH VARY WITH RESPECY TO v.

DO & J=1lsNLZ

I=J+1

IN=J+NL2

AlJs JN)=SE(])®V

AldNy J)==A(J»dN)
CUINY=SFLT ) *PQ (1) ey
CONT TNUE

DO 62 J=1+ND

XX1J)=C{J)

CONTINUE

CALL DETEQ(AsXXsND»DET)
I1F (DET~0e) 111, 112s 111
STOP

CONTINUE

DO B J=NL1sND

PCICI-NL3I=XX ()

CONTINUE

PRINT 30

PRINT 29 (PCI{IVslI=1sNL)
CALL INTEG(OaslesDXsPCLyNLsP5M2+CI»1ERR)
IF (TERR-1) 11621179 118
PRINT 20

STOP

PRINT 21

sTOP

CONTINUE

PRINT 26y PS5SM2

P 9 J=ly NLZ
PCROJ+1=XX1{J)

PRINT 31

PRINT 2% (PCR(I}sI=1sNL)
CALL INTEG(Oe31esDXyPCRyNL»PRSMyCIsIERR)
PRINT 18, PR:EM
AMASS=PRSM/yH#Z

PRINT 16y AMASS

CONT INUE

SAND
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- SUBROUTINE INTEG(ABsHsFsNP»VALUE »C s IERR )

FOROR R KX H K K R R E K N K W H R R R R K & £ % ow ok WP ¥ % % [NTEGOO2

#INTEGOO3

SUBROUT INE INTEG : *INTEGOO4
——— ———— N ' *INTEGOQDS
, : ‘ : ' * INTEGDQ®
INTEGRATES THE NON EQUIGISTANTLY TABULATED FUNCTION FiX(1)) # INTEGDO7
BETWEEN THE LIMITS A AND Be ‘ ' *INTEGOOS
*INTEGOOQ9

A MOLIFIED METHOL OF OVERLAPPING PARABOLAS IS EMPLOYED. #[NTEGQLO
*INTEGOL1

A SECOND ENTRY PGINT ®INTEGZ' IS5 PROVIDED FUR MORE THAN ONE #INTEGQOL2
INTEGRATION ON THE SAME DIVISIUNS OF Xe THIS SAVES THE TIME *[NTEGOL3
OF CALCULATING THE WEIGHTING. FUNCTIONS. : *INTEGOL 4
. *INTEGODLS

ARGUMENTS - *#INTEGOLl6
A LOWER LIMIT OF INTEGRATION _ #INTEGOL7
B UPPER LIMIT OF INTEGRATION. *INTEGOLB
X ARRAY OF ARGUMENT VALUES, MUST BE MONOTONICALLY #INTEGQL9
INCREASING AND MUST oE DIMENSIONED NP, ®#INTEGQZO

F ARRAY OF FUNCTION VALUES. MUST SE DIMENSIONED NP. "®INTEGOZ21
NP NUMBER OF PUINTSe NP MUST GE GREATER THAN 3 - RINTCGOZ2
VALUE RESULTANT VALUE OF THE INTEGRATION. *INTEGOZ3
C WEIGHTING FUNCTION PASSED TO TH: MAIN PRUGRAM *INTEGD24
FOR STORAGE s ‘ , #INTEGDZ5

IERR RESULTANT ERROR PARAMETER. *INTEGDZ2E~
*INTEGDZ27T

REQUIRED SUBPRCGRAMS - NONE #INTEGO28
*INTEGQ29

COMMON STQORAGE - *INTEGQ30
THE WEIGHTING FUNCTION C IS STORcD IN THE -MAIN PROGRAM AND *INTEGQ31
REQUIRES THE FULLOWING DIMENSIUN STATEMENT WHERE UeGE e NP *INTEGQ32
DIMEMSION C{2,340) *INTEGO33

*INTEGO3G

ERROR INDICATICGNS - : - #{NTEGQ3S
IERR = § INDICATES NO ERRURS *#INTEGO S0
IERR = 1 INDICATES NP IS LESS THAN 4. «INTEGO37
TERR = 2 INDICATES THE LIMITS UF INTEGRATION ARE OUT OF *INTEGQ3B
- THE FANGE OF THE TAGLE. *INTEGO39
*INTEGQD4Q

EDWARD Ga TRACHMAN 8 JULY 1970 MeEs DEPT, 492-5640 *INTEGO&]
C - *INTEGQALZ

T T I S * INTEGU43
DIMENSION X{50:s F(50)y Cl2s3450)

DIMENSION H(5D:+5UBV(50) INTEGD4S
D INTEGQOwe

NP MUST BE GREATER THAN 3 il EGOe7
INTEGUAE

IF (NP«wE«3) GO TQ 95 : INTEGOaY
: INTEGOSQ

CALCULATION OF INTERVALS OF X INTEGQOS
' INTEGUS2

NH=NP—1 INTEGOS2

X(1)=0,
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DO 10 I=1sNH ) ’ i
X{I+1y=X(1)+H{1}

DO 20 I=1sNH

IFf (l.EQal) GO TOQ 15

DEFINE COQEFFICIENTS OF FIRST PARABOLA

15

20

30

40

50

61

63
69

Clleslelds—(RHIL))**3/(hewr{I-11# (0 (1=-123+H{1])]
CULw2sI)=HUT)#(3e#HII-1)+HII) )/ tEa®*RETI=1])

CllsBs Il I ) #(3e¥HI-1)+2e#H{[) )}/ (6e*¥(HII~1)+H{TD)])
CONT INUE

IF (1.EQeNH) GO TO 20

DEFINE CQEFFICIENTS OF SECOND PARABULA

Cl29lal)=HII¥(2e*n {143 #H{I+1 1}/ (Ba®{HIII+RLIF+1D))
C 292, IV=HILI# (R{I)+3a#pHil+1) )/ {Ga®Hli+1})
Cl293s1)m—(HIT) ) #EI/ LG ¥HIT+1I#(H{L)+H{I+1) )

CONT INUE

SENTRY INTEGZ

INITIALLZE SUMMATEUN VARIAGLE

VALUE=0.0
IF (B-Al 40s9.:230

B IS GREATER THAN A

ALIM = A
BLIM = B
SIGN = 1,0
G0 TO 5u

A IS GREATER THAN 4

ALIM =
BLIM =
SIGN =-
NH=NP-1

SETTING THE LOWER LIMIT OF INTEGRATION

DO 63 I=1»NH

PARTA = 1.0

IF (ALIM=X(1)} 61+69+63

IF (1.EQ.1) GO TO 97

ALIM = X(I1-1)

PARTA=(X(I)-ALIMY/ (X{1)~%t1=1)1

GC TO 69

CONT INUE ORIGINAL PAGE IS

INTEGOSe
INTEGOS?
INTEGO58
INTEGQSY
INTEGQGO
INTEGOS1
INTEGOS?Z
INTEGOGS
INTEGOG64
INTEGO6S
INTEGOSE
INTEGQET
INTELGO6EB
INTEGOEY
INTEGOT O
INTEGOTL
INTEGO?72
INTEGQT3
INTEGOT4
INTEGQT5
INTEGQTE
INTEGO?T
INTEGOTB
INTEGQTY
INTEGOBQ
INTEGOB1
INTEGDSB2
INTEGOBS
INTEGOHA
INTEGQoS
INTEGOES
INTEGOS8TY
INTEGOSS
INTEGOSS
INTEGO9Q
INTEGO9L
INTEGO9Z
InTeGoy3
EINTEGOY A
INTEGQ9S
INTEGDY9E
INTEGQ97
INTEGO9S
INTEGQS9
INTEGILQO
INTEGLQ1
INTEGLOS
INFEGLO3
INTLGIOS
INTEGL0S
INTEGLOGE
INTeGLlO7?
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71

T3

79

103

102

101

80

92

96

—r
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SETTING THE UPPER LIMIT OF INTEGRATIUN

DO 73 [=1sNH
PARTB = 1.0

IF (BLIM-X(1)) T1s79:+73

IF (I.EQ.1) GO TO 97

BLIM = X(1) o
PARTB=(BLIM=XTI-111/(X(T1=X{1-1})
GO 7O 79 ) '

I[F (T.EQeNP) GO TO 97

CONTINUE

CALCULATION OF INTEGRAL OVER SUBINTERVAL

DO 80 1=1sNH

SUBVILY = U.U .

IF (X(1)eEQaALIM) SUBVITII=CUZ2s sl 1 F 1) +CI2s291)%F I I41L)14CI25341 )%
LFELT+2)

IF {1-NK} 1024 103, 1013

CONTINUE

ADX=ABS(X{[+11=-8LIM)

IF (ADXalLTelaeii=d/ SUBVITI=Clladlal pRFUI=1)4C{1o2s [IRF {1} 4C {19301 )%
1 FLI+1)

GO TO 101

CONT INUE

IF (X(I)eGTaALIMaANDeX([+1)alTooLIM) SUBVILI)I=0e5%(Cllolal)#Fi{l=1)

I40CE 29I +CH2 s L DI IRF LI I+LC L33 [1+C{20 20 L)) RF LI +1)+C (203911 %
2FEI+2))
CONTINUE

IF (PARTAWNELLoORWPARTBLNEe1l) SUBVIII=PARTA¥PARTB*SULBV ()

CALCULATE THE FINAL VALUE OF THt INTEGRAL

VALUE=VALUE+SUBV(I])
VALUE=SIGN®VALUE

' SET ERROR PARAMETER FOR NORMAL RETURN

IERR = 0
RETURN

SET ERROR PARAMETER FOR TOU FEW POINTS

IERR = 1
RETURN

IERR = 2
RETURN
END

INTEGIOS
INTEGLO9
INTEGL1O
INTEGL11
INTEG112
INTEGLL3
INTEGII®4
INTEGL1S
INTEG116
INTEGLL?
INTEGLLS
INTEGLLY
INTEGI20
INTEGLZ1
INTEG122
INTEGL23
INTEG124
INTEG1Z5

[NTEGl26
INTEGLZT

INTEGLZS
INTEG129
INTEGL3Q

INTEGL3L
INTEGL3Z
INTEGL33
INTEG134
INTEGL3E

INTEGL3G "
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SUBROUTINE DETEQ {A»BsN,DET)
DIMENSTCN A{TO2TUY»BLTO)» IPVOTL(TO)
DET=1.0
DO 11 J=1sN
11 IPVOTLUI=U.0
DO 121 I=1sN
T=0.0
DO 51 J=1sN
IF CIPVOT(J)I~1) 21951421
21 DO 50 K=1sN
1F (IPVOT(K)-11 315050
31 IF (ABS(T)~ABS(A(JsK})) 41950450
41 IROW=J )
[COL=K
T=A{JsK)
50 CONTINUE
51 CONTINUE
IF (ABS(T)-1.E-8) 131913155
5% IPVOTLICOLYI=1
It (IRDOW-ICOL) 6148161
61 DET=-DET
DU 71 L=14sN
T=A{IROW.L)
ALIROW»L ) =ALICOL L)
71 ACICOL s} =T
T=B(IROW)
BIIROW)I=BLICGL)
BL{ICOLY=T
81 TEMP=A{ICOL«ICOL)
DET=DET*TEMP
ALICOL+ICOLYI=1,
DO 91 L=1sN
91 ALICOLyu)=AlICOLSL)/TEMP
BLICOL)Y=BLICOLYy/TEMP
DO 121 uvl=1sN
IF (LI-ICOL)Y 10191214101
101 7=A(L1,ICOL) ’
AtLLI»ICOL)I=0.
DO 111l u=1lsN
111 ACLLIsLI=ALLLsL-ACICOL,L]1%T
BIL1I)=B{LLI-BLICOLI*T
121 CONTINUE
RETURN
131 DET=0.0
RETURN
END

SUBROUT INE NEWR(PO,DX)

DIMENSION AA(50)s BB(50)s CCU50)» DO(50)s EE(50)s FF{50)y DX(5C}
DIMENSION A1S50)s BI50)s C{50)s PO(S0)s DPI50)» FI{50)s FIDP(50:3)
COMMON Bls ALAMs Hlsy TOLs NL» NZ» B2s NLIL» N21s NPs NPls NLZ2» NL3
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COMMON HZs HL13y HZ3s HSUM
COMMON AA, BBy CC, DDs EEs FF
11 FORMAT (4F10.44+215)
12 FORMAT (8F1l0.5) :
13 FORMAT {6XEl4ets3(6XsE1bels) /)
14 FORMAT (17X3HFI= .5x17HDF1/DP¢J).J=1,2.3.1)
15 FORMAT (3X2HI=322X3HDX=4 LTX3HPO=s/)
16 FORMAT (5XI1532(6XEl4eb),/)
17 FORMAT (54H PRESSURE 15 SMALLER THAN THE AMBIENT PRESSURE
18 FORMAT (5XIS5s2(EXEL14a&) g/ )
19 FORMAT (1H1)
DO 2 I=2y N21
AA(T Y=HZ3/72./70X(1)
CCt1)=H23/24/DX11-1)
BB{I}=~-AA(L)~CCH1)
FE(I)=ALAM*®HZ /2,
DD(1)==FF (I}
EE(1)=0e"
2 CONTINUE
AAINZ2)=HSUM/DX{N2}1/16.
CCIN2)=H23/2+4/DXIN2L)
BEIN2)=~AA(NZ2Y~CC(NZ}
FEINZ)=FF{NZ21)
DD(N2)=~ALAM® (H2+H1) /4,
EE(N2Y=DD(NZ2I+FF(N2)
DO 3 I=NP1ls NL1
AALIY=H13/24/DX 1)
CClII=H13/2e 70X 1 1-1)
BEIT)Y==AA(IY~CCH 1)
FEF(EY=ALAM*H]1 /2.
DO(I)=s~FF{I)
EE(I)*U.
3 CONTINYE
AA(NPI-HlB/E.fDX(NP)
CCINP)sHSUM/DXIN2) /16
BUINP)==AA(NPY~CCINP)
DDI(NP)=DD (NP1}
FEONP)=ALAM® (111+H2) /4,
EE(NP)I=DD(NP)Y+FF (NP)
104 CONTINUE
DO 5 I=2s NLI
J=1-1
A(JI=AALT)*PO{TI+1)1+0DTT
B{JY=BBII)I*PO(I1+EE(]}
ClJI)=CCUI)¥POLI-1)1+FF{])
FICJI=A(JI#PO(T+1)+B(J) *PO(II+C(J) *POCI~1)
FIC(JY==FItJ)
5 CONTINUE
DO 6 I=3,NL2
J=1-1 :
FIDP{Jyl) = CO(II1#2,%PO(I-1)+FF (1)
FIDP{J» 21 =881 1#2.#POU] }+EL (]}
FIDP{Js3N)=AA(1 122, 2P0(I+1)+00I( 1)
& CONTINuUE
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FIDP(loé)=bu(Z)*Z-*PU(zl+tttdl
FIDP 1y 2)sAM(Zrdze®*PUlAI+ILL )
FIDPUINLZL) = &LlNLl)*z.*PutﬁLch+ff{NL;)
FILDPINLZr»Z) = BolNLLYEZ2 g#PUlNLL )+ UNC D)
caLL TULEGW (FIUFPsF 1 sLUPeNLZ)
pu 7 I=4dy NLL
PO(II=PULLIY+DP (-1}
IF (POt{1Y-Je) 1uwls 101 7
131 PRINT 1T
pL 23 IP=1s NLI1
PRINT 18y LPsUX{Le)sPULIPYs LPULIR=1])
23 CONTINUL
STOP
7T CuNTINUE
RMAX=T10C/
DU 8 K=l %
R=DP (K}
I (R=RMAX) Bas Hs lud
102 RMAX=R
8 CONTINUE
TF {RMAX=T0OL) 1u3y 103, 104
103 CUNTINUE
PRINT 15
DU 9 IP=1sNL1
PRINT l&s 1Py DX{iIF)s PUCIH)
9 COUNTINUE
PRINT 1%
RETURN
END

SUBROUT INL TULEW (AsCeXgiv!
SUBRUUT INE 20LVES A ITRIDIAGUNAL 2YaTbem ub LINEAR BEWUATIONG
DIMENSTOUN A(Suoet)y Loy Alzuly BidUsZlsy wiDd)
STAR
J=N
Bllel)=R(Ts2)
B{ls2)=Al14s3) Op
De1Y=Crly Q@
Jd=J-1
DU 5 K=Z2sJJ o
TF (ABS{BIK=1+1))-Ans(8(K—1lst 1) 2y 49 & <QQZP§
3 BIKs 1) =A{Ks Z M HBIR—-Lal) /B (K==Ll )~A[KSsL)
B{KsZ2)=A (K3 0 {K~1s1)Y /G {n—10c}
DIKI= (R IFL L s it—ntle g lifuln—L)1/DiK=1sgl
GO TO 5
4 BlKs L )=ATKR e 21 -A (K1) %A {K—=1s2)}/0(n-L21)
BIKy2Y=A{K )
DY =CIKY=A Ky L&D~ 1)/Dln=Ls i)}
CONT INUE .
XSV =(CUJY#R =1l t—al{J g2 )%t 1))/ lA L sz splu—]sli~Aldsl}FDBld~]1s2
byl

~J LF
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|
LS XUKI={DIKI-BIKs 218X (K+T )/ /BIKs 1)
IF {(K—1) lLuse ludy 1lu
10 k=K-1
Gu TO 15
100 RETURN
END
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Card 1 Format (5F10.4, 3I5)
Bl - Ratlo of BIIB.
ALAM - Bearing number, 8.
H1 - Normalized gas film thickness, H2'
Tol - Smallness for convergence.
NL - Total grid number for the atep pad including two
end points,
N2 - Total grid number for the left edge of the step pad
with H = H,.
Card 2 FTormat (8F10.5)
VI(I) - Array of the squeeze numbers to be solved.
Card 3 Format (8F10,5)
DX(T) - Array of increments of X defined as MX, = X, -X;
N
such that ¥ DX(I) = 1,
I=1
Carxd 4 Format (8F10.5)
PO(Y) - Array of the guessed zero order pressuve profile Po, i

on the pad with Po, 1 = Po, n = 1,



